
UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
Understanding inorganic and hybrid calcium silicate hydrates at the nanoscale: time-
dependent response, thermal properties and simulation techniques

Permalink
https://escholarship.org/uc/item/0xz5m6h5

Author
Morshedifard, Ali

Publication Date
2021
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0xz5m6h5
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA,
IRVINE

Understanding inorganic and hybrid calcium silicate hydrates at the nanoscale:
time-dependent response, thermal properties and simulation techniques

DISSERTATION

submitted in partial satisfaction of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

in Civil and Environmental Engineering

by

Ali Morshedifard

Dissertation Committee:
Assistant Professor Mohammad Javad Abdolhosseini Qomi, Chair

Professor Timothy J Rupert
Associate Professor Mo Li

2021



© 2021 Ali Morshedifard



DEDICATION

To my wonderful family

* * *

king: Life is simply a journey to nowhere. If you want a change of scenery, you
need to get there your own way.

saitama: This is starting to sound hokey!
king: It seems to me you’ve got this all wrong. You think being strong means
you’ve reached your destination. I doubt the path to becoming a hero comes to
an end with such a cut-and-dried finish line.

saitama: Are you trying to lecture me? It’s not like you’re some veteran hero.
king: It’s inherently wrong to go into a fight seeking satisfaction from the fight
itself. Battling with great courage, working to benefit society, isn’t that what it
means to be a hero?

saitama: What’s with the philosophy?
king: If that ideal is your goal, you’ve just begun. There’s a long road to walk
before you become the strongest hero.

saitama: That’s true.
king: Which means that the pursuit of that ideal still remains. Within you,
Saitama, there is a great deal of unrealized potential. If that’s true, to say that
you’ve already reached the limit of your growth, well, that starts to sound shallow
and arrogant, now, doesn’t it?

saitama: That’s deep.
king: What does it actually take to be the ultimate hero? Is it an unwavering
sense of justice? The courage to face any hardship? Until you’ve found the answer
to that question, how can you say you feel bored? Those are my thoughts on it,
anyway. Plus I read it in a manga!

saitama: Wow. You just blew my mind. The “ultimate hero”! Maybe I should be
thinking about what that truly means.

From the anime series "One Punch Man" (S02E09)
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ABSTRACT OF THE DISSERTATION

Understanding inorganic and hybrid calcium silicate hydrates at the nanoscale:
time-dependent response, thermal properties and simulation techniques

By

Ali Morshedifard

Doctor of Philosophy in Civil and Environmental Engineering

University of California, Irvine, 2021

Assistant Professor Mohammad Javad Abdolhosseini Qomi, Chair

Calcium silicate hydrates (C-S-H), the main product of cement hydration, account for the

majority of observed behavior in concrete. Cement production has a devastating environmen-

tal footprint and any improvement in its performance through innovative material design

can have significant global impact. In this thesis, we first focus on understanding nanoscopic

mechanisms underlying time-dependent mechanical response (e.g. creep) in cementitious

materials. A viscoelastic behavior is observed at the scale of single C-S-H globules. However,

we demonstrate a gradual transition from exponential viscoelastic behavior to logarithmic

creep as we morph from intraglobular to interglobular regime. We also propose a phenomeno-

logical model for capturing the combined exponential-logarithmic creep of C-S-H. Next, we

focus our attention on understanding thermal conduction in hybrid organic-inorganic calcium

silicate hydrates. For a prototypical model, we show that incorporating organic chain in

interlayer galleries of C-S-H can signficantly reduce thermal conductivity of the material. The

vibrational modes are investigated to better understand the origins of this reduction. We find

that although contribution of propagating modes is more or less intact, there is a reduction

in mode diffusivities which can be attributed to phonon scattering due to organic-inorganic

interfaces which ultimately result in the reduced thermal conductivity. As the last part of the

thesis, we study a hybrid organic-inorganic C-S-H that our collaborators have been able to

xiii



synthesize in the laboratory. Interpretation of X-ray data shows that the precipitated solid

has the structure of portlandite with a cross-linked interlayer space. After the structure is

resolved, we focus on developing a force field capable of modeling such hybrid systems. Cell

parameters and elastic constants computed based on density functional theory (DFT) are

used as observables in our fitting process. The computed properties using the developed force

field compare well with DFT and experimental results. Finally we demonstrate applicability

of the developed force field by calculating thermal conductivity and creep for the hybrid

system. The developed force field paves the way for further investigations into properties of

novel hybrid materials such as the one considered in this study.
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Chapter 1

Introduction

1.1 Significance of research on cementitious materials

Accoring to the Climate Science Special Report (CSSR) created by the U.S government[158],

higher temperatures projected for the United States are expected to increase the intensity

and frequency of extreme events. This will cause dire global challenges and in particular for

the United States such as the following among others:

• Coastal Flooding. Global sea level rise has already affected the United States; the

incidence of daily tidal flooding is accelerating in more than 25 Atlantic and Gulf Coast

cities. Sea level rise is expected to be higher than the global average in some parts of

the United States, especially on the East and Gulf coasts of the United States. This is

due, in part, to changes in Earth’s gravitational field from melting land ice, changes in

ocean circulation, and local subsidence.

• Larger Precipitation Events. Heavy precipitation, as either rainfall or snowfall, is

increasing in intensity and frequency across the United States and the globe. These

1



trends are expected to continue.

• Heat Waves. Heat waves have become more frequent in the United States since the

1960s, whereas extreme cold temperatures and cold waves have become less frequent.

Recent record-setting warm years are projected to become common in the near future

for the United States as annual average temperatures continue to rise.

• Forest Fires and droughts. The incidence of large forest fires in the western contiguous

United States and Alaska has increased since the early 1980s and is projected to further

increase in those regions as the climate warms, with profound changes to regional

ecosystems. As for droughts, Annual trends toward earlier spring snowmelt and reduced

snowpack are already affecting water resources in the western United States, with

adverse effects for fisheries and electricity generation. These trends are expected to

continue.

The rise in such calamities will have a deep detrimental impact on US economy, national

security and public safety. To stop or even roll back the adverse effects of climate change,

we need to address the root cause which is industrial CO2 emissions. More than 20 billion

tons of concrete produced annually contribute 5–10% to the worldwide anthropogenic carbon

dioxide production[155]. This underlines the importance of investment in understanding the

underlying mechanisms that results in cement’s unique behavior which in turn can help with

innovation in designing material that can eventually reduce production and move the industry

toward a more sustainable existence by reducing the environmental footprint. Such innovation

has the potential for transforming the industry and creating new jobs in the cement industry.

Another challenge faced by the United States is its aging infrastructure. According to the

American Road and Transportation Builders Association, one in three of America’s bridges

have identifiable repair needs and the average age of each structurally deficient bridge is

67 years[1]. According to the report, if all bridges would be repaired today, it would cost

$57.8 billion to replace the 34% of our structurally deficient bridges. This means that any
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innovation in material design can reduce costs drastically in such projects. Especially of

interest for bridges is the issue of creep which in the past has resulted in major damage

and even collapse[12]. Aside from structural aspects of concrete, its thermal performance

comes to the forefront in certain applications. For instance in recent years, there is a need

for drilling pipes in permafrost for oil extraction[24]. If thermal conductivity of concrete

is not taken into account, the frozen region around the pipeline could melt which could

have devastating consequences such as soil settlement and oil leakage and its devastating

environmental impact.

Environmental impact, structural performance and thermal behavior are among many aspects

of cement application the could benefit from serious investment and deep scientific research.

These are some of the driving force behind the research carried out in this thesis.

1.2 Dissertation goals and outline

The materials studied in this thesis are multiple variants of calcium silicate hydrates (C-S-H)

and two types of hybrid organic-inorganic materials: a prototypical layered material based

on Tobermorite 11 Åand a Portlandite hybrid. In broad terms, our objective in this thesis is

to utilize and in some cases provide simulation tools at our disposal to better understand the

underlying nanoscopic mechanisms responsible for various aspects of material behavior. We

also utilize experimental findings to guide our decisions regarding modeling hybrid materials.

Chapter 2 explores creep in calcium silicate hydrates. The following are the main overarching

questions that drive this part of our research:

• Is it possible to simulate creep using atomistic simulations?

• Does C-S-H have the same creep behavior at nanoscale as observed in larger scales?
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• What are the origins of logarithmic creep in cementitious materials?

In this chapter we developed a technique that makes it possible for us to study creep

through simulations. Consequently, we discovered a viscoelastic behavior for individual C-S-H

particles. We also find that the logarithmic creep observed in most experiments results from

a nanogranular behavior among C-S-H particles and is an interglobular phenomenon rather

than an intraglobular one.

In the next chapter, we focus our attention on thermal transport in a model organic-inorganic

calcium silicate hydrate. The main questions underlying this chapter are:

• How does thermal conductivity in hybrid organic-inorganic calcium silicate hydrates

compare with its inorganic counterpart?

• What can we learn by investigating vibrational modes in hybrid systems?

• What are the tools required to carry out a meaningful vibrational analysis in atomistic

models?

• What are the origins of the change in thermal conductivity of hybrid materials (if any)

This chapter resulted in a technique for distinguishing propagating modes in complex systems.

We also showed that hybrid materials have a reduced thermal conductivity compared to

inorganic C-S-H. The underlying mechanisms that cause this reduction were also investigated

and we found that a change in character of diffusons is the main contributing reason.

Chapter 4 is dedicated to developing a realistic hybrid organic-inorganic material with cross-

linked layers at the nanoscale. We develop a force field which makes it possible to explore

various properties of the material. The main questions driving our investigation in this

chapter are as follows:
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• Can we synthesize a cross-linked hybrid organic-inorganic material in the lab?

• What are the experimental challenges for characterization of such novel material?

• Can we construct a realistic model of such materials for atomistic simulations?

• What are the challenges for developing an accurate force field that can pave the way

for exploring material properties beyond what’s available through experiments?

• What can we learn through exploring the material using the developed force field?
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Chapter 2

Nanoscale origins of creep in calcium

silicate hydrates

2.1 Introduction

Like most engineering materials, concrete exhibits a time-dependent response, e.g. creep, when

subjected to sustained external or internal load. This type of deformation not only impacts

the life expectancy of our aging concrete infrastructure and the associated environmental

footprint incurred for its rehabilitation, but also has important resilience implications. While

dislocation[62] and shear transformation zones[51] are at the heart of creep in crystalline

materials and metallic glasses, the nanoscale mechanisms underlying time-dependent defor-

mation in cementitious materials are complex and still the subject of intensive fundamental

research[150]. For calcium-silicate-hydrates (C-S-H), the main binding phase in cementi-

tious materials, this complexity can in parts be attributed to the presence of nanoconfined

water, the material’s layered structure at the nanoscale[111], its globular texture at the

mesoscale[58] and its multiscale porous structure[55]. These complexities further hinder the
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inherent difficulty in studying nanoscale longtime phenomena that arise from eighteen orders

of magnitude difference between characteristic time scales in atomic vibrations and creep

deformation. The majority of the literature focuses on continuum[9], micromechanics[131]

and coupled microstructure-continuum models[79] to predict creep in cementitious materials.

Currently, a few phenomenological models are available that are calibrated with the goal of

predicting a comprehensive database of experimental results[53, 10]. These phenomenological

models are critical in predicting long-term deformation of concrete structures, yet their link

to fundamental materials physics remains to be understood. Also, the measurement of creep

deformation in cementitious materials is further complicated due to coexistence of long-term

hydration process[122] and the accompanying shrinkage deformation. The portion of creep

deformation that is not due to the hydration process, i.e. non-aging creep, constitutes a signif-

icant part of concrete’s overall time-dependent deformation and is the subject of this chapter.

In an effort to address non-aging creep in C-S-H, microprestress solidification theory proposes

the existence of frozen eigenstresses[11] that relax over time following a power/logarithmic

relation. Yet, the origins of C-S-H’s creep and its link to chemical composition and molecular

structure of C-S-H cannot be explained by such phenomenological models and remain vastly

unexplored. This calls for a molecular-level investigation of mechanisms behind C-S-H time-

dependent phenomena. Molecular dynamics (MD) simulation is the standard approach to

explore atomic level processes that occur at the nanoscale. The first challenge in modeling

cementitious materials is constructing an initial atomic structure for simulation purposes.

Many studies have concluded that a structurally imperfect Tobermorite is a satisfactory

model for C-S-H[111, 143, 137] which is the strategy adopted in the current thesis. The next

challenge is deriving accurate interatomic interactions such that reasonable agreement with a

wide range of experimental observations is obtained from simulations. Several empirical force

fields have been applied or developed for modeling C-S-H such as ClayFF[26], CSH-FF[132],

CementFF[39] and ReaxFF[32]. For details, the interested reader is referred to a recent

comparative review on the subject[99]. Each of these force fields have their strengths and
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limitations. Since elastic properties were included when parametrizing CSH-FF, it seems to

be more suitable where mechanical properties are the focus of the study and hence it is the

force field chosen for the current study. Availability of structures and force fields has spurred

research in the cement and concrete community in areas such as free energy calculations[88],

heat and mass transport properties[163, 121, 120], polymer/C-S-H composites[133], to just

name a few. Despite significant advances, with currently available technology, MD sim-

ulations remain constrained to small time scales on the order of microseconds[36]. Since

time-dependent phenomena such as creep occur on a time scale of hours, days and even

years, a conventional MD simulation proves insufficient. From a probabilistic perspective,

a phenomenon such as creep that occurs at long time scales, can be viewed as a rare event

process, the procession of a series of rare events[112]. In a non-equilibrium dynamic system

such as a viscoelastic material under shear, the majority of the simulation time will be spent

in a metastable basin. A jump to a more favorable basin by thermal activation would mean

crossing an energy barrier, which requires a fluctuation with a low probability. This turns

out to be the underlying cause of the disconnect between the macroscopic and nanoscopic

time scales[73]. Biased molecular simulations, e.g. hyperdynamics[152], metadynamics[6] and

Autonomous Basin Climbing[73], are among the most noticeable time acceleration techniques.

These approaches are limited to problems with small numbers of collective variables and fail

for systems with soft modes. This makes their application to C-S-H rather irrelevant due to

the presence of many soft degrees of freedom in nanoconfined water molecules. Inspired by

experimental procedures in characterizing fatigue[77] and the compaction observed in granular

media due to mechanical disturbance[124], to explore time-dependent behavior of C-S-H, we

propose a simulation scheme based on the early work of Lacks and Osborne[75]. They applied

incrementally increasing shear strain on a binary Lennard-Jones glass and subsequently

unloaded the system after reaching a certain strain value. They observed that if the strain

limit is small, the system undergoes aging and the internal energy decreases. A single cycle

takes the system to a more favorable local minimum in the energy landscape. This approach
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artificially accelerates thermal fluctuation induced aging phenomenon. If several of these

cycles are successively exerted on the sample, the system progressively visits lower minima

same as those visited during a phenomenon such as creep. In this paper, an incremental

stress marching technique is utilized to study time-dependent behavior of C-S-H. First, the

C-S-H sample is loaded by cyclic perturbations where a relaxation behavior is observed.

Subsequently, unloading and re-loading of the sample takes place were a viscoelastic behavior

is observed. The simulations show that this simple approach is able to explore different

time-dependent regimes of deformation in C-S-H, ranging from creep relaxation to viscoelastic

deformation. We finally investigate the impact of water content on the time-dependent

behavior of C-S-H and establish its relation to the experimentally observed logarithmic creep.

2.2 Computational model

Atomic structure

C-S-H, the hydration product that is responsible for cement’s strength and durability, is

a quasi-glassy material with an average C/S around 1.7[70, 125].To make a structure that

captures the experimental aspects of C-S-H that exists in ordinary Portland cement such as

density, basal spacing and XRD patterns[3, 119, 40], we start from the structure of its natural

analogue, Hamid’s 11 tobermorite[48], a crystalline mineral with a layered structure composed

of infinite dreierketten silicate chains with C/S=1. To avoid finite size effects a 4×4×1 supercell

was created with cell parameters (a, b, c, α, β, γ) = (13.27, 24.44, 24.44, 89.68◦, 90.13◦, 123.21◦).

Next, calcium to silicon ratio is increased by removing the bridging sites (charge neutral

SiO2) from the infinite silicate chains of tobermorite. Note that based on NMR experiments,

such removal should produce only dimers, pentamers, etc in compliance with the dreierketten

rule[116]. Similar atomic models of C-S-H can be constructed by following different procedures
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Figure 2.1: Variation of molecular and equivalent water content in C-S-H computed from
reactive simulations[119]

as carried out, for instance by Kumar et al. [72] or Kovačević et al. [68]

We note that after full relaxation of the prepared structure using CSH-FF forcefield[132], we

have detected a trimer in the final structure. This can be attributed to an artifact of the

potential set used and although comparison with other forcefields show that such artifact

does not impact the conclusions of this paper, care should be taken when using this structure

in more demanding simulations. When all the bridging sites are removed, C/S stands at

1.5. Further increase in C/S is achieved by removing pairing sites from the structure until a

C/S=1.7 is reached which is the average value observed in experiments[125]. Next, to charge

balance ending oxygen atoms with hydrogen atoms, we use the results of reactive simulations

carried out by Abdolhosseini et al as shown in Supplementary Fig. 5.

The model so prepared has 48 Ca-OH bonds, 56 SiOH bonds and 50 water molecules. The

final structure contains 634 atoms and the empirical formula is: Ca1.7Si1.0O2.5(OH)1.7 (H2O)0.9

. To model the intraglobular to interglobular (ITI) behavior in the simulations, we gradually

increase the water content in the interlayer of the model prepared initially by the previously

mentioned procedure. Naturally, the basal spacing needs to be increased to maintain the

proper density for water.
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Figure 2.2: Average elastic properties of 11 Tobermorite[132]

Molecular dynamics and force field

Regarding force field, Clay-FF is one of the main set of parameters available for modeling

complex hydrated inorganic minerals such as clay and tobermorite[26]. However, it has known

deficiencies in reproducing the correct elastic properties for cementitious materials. Table 2.2

adapted from [132] shows a clear comparison between the predictive powers of CSH-FF and

ClayFF:

CSH-FF is a ClayFF-based forcefield that incorporates second order properties (i.e. elastic

moduli) in the fitting process which makes it the more accurate forcefield when it comes to

silicate minerals prevalent in cementitious materials. Consequently, we have utilized CSH-FF

in simulations in this chapter. In this forcefield, harmonic linear bonds are defined for the

SPC water molecules and hydroxyl groups. Also, we have angular harmonic contributions

to energy from water molecules. All the other interactions are captured by non-bonded

Lennard Jones and electrostatic potentials. Considering the fact that CSH-FF is also capable

of accurately reproducing the cell parameters for cementitious materials, it seems to be the
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Figure 2.3: Partial pair distribution functions for Ca-O pairs. a) the model used in [119] b)
the model used in the current study.

most suitable forcefield available for our purposes. Note that ReaxFF (a bond-order based

potential) is an alternative forcefield for cementitious materials that possesses the ability to

capture bond breakage/froming during deformation[86]. However, its high computational

cost makes it impractical for the current study.

Calcium coordination

To compare the model used in this study and the previous models used in [119], we compare

the partial pair distribution function for Ca-O pairs in Supplementary Fig. 6. It is clearly

observed that the peaks are narrower in the model used for the current study which indicate

a higher degree of order. Moreover, we calculate the coordination of each calcium atom by

integrating the PDF up to the first minimum as follows:

n(r) = 4πρ

∫ r′

0

g(r)r2dr (2.1)

where r′ is the position of the first minimum. We obtain a value of 5.93 for average coordination

number and the minimum coordination of Ca atoms stands at 4.8. Considering the high C/S

of the sample, we believe this to be a satisfactory check for the model.
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We use LAMMPS simulation package for all computations[115] with Ewald summation for

long range electrostatic interactions. All models in our numerical experiments are initially

relaxed in the NPT ensemble using Nose-Hoover thermostat[52] at 300 K and Parinello-

Rahman thermostat and barostat [109] at 1 atm for 2 ns and time steps of 1 fs. Also, a cutoff

of 12 was chosen for non-bonded interactions.

2.3 Artificial aging

shear stress-strain curves for C-S-H

To study time-dependent phenomenon, we create a representative structure of C-S-H as

described in the previous section. The stress-strain behavior of our C-S-H models in shear

return a value of 21.1± 2.1GPa for the shear modulus, which compares well with a value of

21 GPa reported elsewhere[86]. Particular features are noticeable in C-S-H’s stress-strain

behavior.

First, at strains smaller than 6.5%, the shear stress-strain curve is jagged, while exhibiting a

linear behavior on average. This jagged response is indicative of a rugged energy landscape

with numerous local minima[84]. Upon unloading from these local minima, a small yet

non-negligible residual strain appears that is in the order of 0.1%. This is indeed similar

to Lacks and Osborn’s observations in binary Lennard Jones systems[75]. Second, C-S-H

exhibits a sudden increase in the residual strain in the order of 2%, if loaded beyond 1.5 GPa,

which can be viewed as the yield limit.

13



 
Supplementary Fig. 3: Comparison between the energy curves of the third stage for systems with 624 and 1248 

atoms. 

 
Supplementary Fig. 4: Shear loading of the specimen and unloading at different strain values. An elastic behavior is 

observed up to a stress of about 15000 atm. We have unloaded the system at different strain values. It is clearly 

observed that up to a stress level of about 15000 atm, the system shows negligible residual strain upon unloading. 

Perturbation values should be chosen in a way that the system remains below the yield stress. 

 
Supplementary Fig. 5: Residual strain as a function of the stress value where unloading was initiated. The onset of 

inelastic behavior is observed to be around 15000 atm. 

 

 

 
Supplementary Fig. 6: Loading of the specimen with different   values. A similar asymptotic behavior is observed 

similar to those demonstrated in the manuscript. To demonstrate that the viscoelastic behavior observed in the text is 

not dependent on the choice of  , we have run the simulations for four different. We can see that the general 

behavior of the material is not altered as   changes. 

Figure 2.4: Shear loading of the specimen and unloading at different strain values. a) An
elastic behavior is observed up to a stress of about 15000 atm. We have unloaded the system
at different strain values. It is clearly observed that up to a stress level of about 15000 atm,
the system shows negligible residual strain upon unloading. Perturbation values should be
chosen in a way that the system remains below the yield stress. b) Residual strain as a
function of the stress value where unloading was initiated. The onset of inelastic behavior is
observed to be around 15000 atm.

Incremental Stress Marching (ISM) Technique

Here, we envision a three stage cyclic scheme that applies successive stress perturbations with

varying average stress levels. To guarantee that ISM explores time-dependent phenomena

rather than the failure process, we ensure that the shear stress level at all times remains

below the yield limit, τ + ∆τ < τf . A complex system such as C-S-H has a rugged energy

landscape[75, 56] as discussed in the results section and the core objective of this technique

is to facilitate the evolution of the system to the low-lying minima from its current state

using gradient-based energy optimization as demonstrated in Figure 2.5a. Our approach

continuously monitors the internal energy, enthalpy, stress, strain, and atomic trajectory

in molecular models during loading (stage I), unloading (stage II) and reloading (stage III)

phases, as demonstrated schematically in Figure 2.5b. In each individual stress cycle, the

stress is perturbed about the mean value with increments of 0.01 GPa and an enthalpy

minimization is carried out at the end of each increment. This is justified due to the negligible

effect of the entropic term in Gibbs free energy for a solid system such as C-S-H (G = H−TS
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where G, H and S are the Gibbs free energy, enthalpy and entropy of the system). A threshold

of ±0.1 GPa is defined around the mean value and the loading direction is reversed when

the limits of the envelope are reached. We use a total of 3×104 stress cycles in our ISM

framework, which would ultimately lead to about 2×106 minimization steps. This staggering

number of enthalpy minimizations signifies the infeasibility of eigenvalue-based minimizers

that ensure convergence to a local minimum. However, unlike stress tapping approach[8], our

incremental updated Lagrangian method resolves an artifact of gradient-based minimizers,

i.e. the possibility of converging to a saddle point. We note that the ISM technique is

computationally expensive due to millions of enthalpy minimizations required in the process.

Cyclic loading and unloading of the models (Stages I and II)

A complex system such as C-S-H has an extremely rugged energy landscape[75, 56] and

the core objective of the incremental stress marching technique is to facilitate the evolution

of the system to the low-lying minima from its current state using gradient-based energy

optimization as shown in Fig. 2.5a.

We subject the molecular structure of C-S-H to cyclic loading with different mean stress

levels (stage I in Fig. 2.5b).

As shown in figure 2.7, this causes the structure to experience an incremental increase in

shear strain, while the energy of the system drops to an asymptotic value in a matter of

roughly 1000 stress cycles.

We observe that the decline in internal energy occurs even when the mean stress level is zero.

Similar behavior is observed for axial stress perturbations as seen in figure 2.8.

To understand this behavior, we note that metastability is a characteristic of non-equilibrium

systems such as C-S-H at the nanoscale. Using energy optimization, we merely obtain a
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Fig. 1. Exploring the energy landscape via the incremental stress marching approach. (a) A schematic representation 

of the energy landscape for a complex system. The orange ball represents the initial state of the system. Applying an 

external stress and local enthalpy minimization can help overcome the energy barrier, which ultimately takes the 

system to the minimum of the metabasin. We note that this method would not take the system to an adjacent metabasin 

that contains the global minimum. (b) Schematic representation of incremental cyclic scheme proposed in this study. 

The approach contains loading, unloading and reloading sequences, which are demonstrated from left to right. The 

stress is incrementally perturbed around a mean shear stress level, τ.  
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Figure 2.5: Exploring the energy landscape via the incremental stress marching approach.
(a) A schematic representation of the energy landscape for a complex system. The orange
ball represents the initial state of the system. Applying an external stress and local enthalpy
minimization can help overcome the energy barrier, which ultimately takes the system to
the minimum of the metabasin. We note that this method would not take the system to
an adjacent metabasin that contains the global minimum. (b) Schematic representation of
incremental cyclic scheme proposed in this study. The approach contains loading, unloading
and reloading sequences, which are demonstrated from left to right. The stress is incrementally
perturbed around a mean shear stress level, τ .

structure whose energy is at a “local” minimum. However, due to the metastable nature

of C-S-H, the system is still far from the metabasin’s minimum in the energy landscape.

Reaching this low-lying minimum requires overcoming a series of large energy barriers (hence

a very long simulation time). The main objective of ISM is providing a way to reach such

favorable minima by a technique other than molecular dynamics. Hence, each cycle of ISM,

pushes the system over an energy barrier and into a new local minimum, which is more

favorable than the previous one and hence lower in energy. This clearly indicates that we

can view stage I as relaxation in shear. We note that the strain values observed here are

larger than what is measured in macroscopic experiments[66]. This is due to the fact that

the shear is applied parallel to the interlayer spacing and the layers can slide over each other

with reduced restriction. However, in mesoscopic length scales such free movements are

limited by an interconnected network of C-S-H layers. A realistic mesoscopic model would

be needed to investigate such effects. The Kohlrausch-Williams-Watts relaxation function

has been extensively used as a phenomenological model to predict relaxation behavior in
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Supplementary Fig. 1: Gradual stress perturbations. A seamless transition to the next cycling stage (mean shear stress 

of 10000 atm) can be observed. As explained in the text, the Incremental Stress Marching technique, consists of load 

cycles on the specimen with a predetermined average stress. This sample is initially loaded at 0 stress and stress 

perturbations of 1000 =  atm are applied. The periodic nature of these stress cycles are demonstrated more clearly 

by maginification of a portion of the graph. 

 

 

 
Supplementary Fig. 2: Decrease in potential energy as a result of cyclic perturbations on the system in an axial 

direction. Inflicting cycling stress perturbations to the system in the normal direction, causes a similar decrease in 

energy as Fig. 2 in the main text. This similarity is expected since cycling at zero stress in any direction signifies 

relaxation. 

Figure 2.6: Gradual stress perturbations. A seamless transition to the next cycling stage (mean
shear stress of 10000 atm) can be observed. As explained in the text, the Incremental Stress
Marching technique, consists of load cycles on the specimen with a predetermined average
stress. This sample is initially loaded at 0 stress and stress perturbations of ∆τ = 1000atm
are applied. The periodic nature of these stress cycles are demonstrated more clearly by
maginification of a portion of the graph.

glass systems[113, 156]. This function can be derived by several models such as hierarchically

constrained dynamics[108] or diffusion-trap[113] and exhibits a stretched exponential shear

strain as a function of cycles:

γ = exp

(
−
(
N

N0

)β)
(2.2)

where N is the number of cycles overtook, N0 can be thought of as a characteristic relaxation

number, β is the stretching exponent and γ is the engineering shear strain. We find that

this function is capable of accurately fitting our data. We also note that the Normalized

Root Mean Squared Error (NRMSE) values lie in the interval [0.02, 0.16] for all the fitted

curves in this paper. This stretched exponential relation was also proposed when modeling

glass relaxation by infliction of axial tapping cyclic stress perturbations[160]. After reaching

an asymptotic value of strain and energy in the first stage, we begin stage II by unloading

the system and continuing the sequence of stress perturbations. We observe that in the
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Fig. 2. Evolution of the system under constant mean shear stress as a function of cyclic perturbations. (a) Strain 

evolution as cycling progresses for different stress levels. The inset shows the drop in potential energy level during 

the process. For the case where stress is zero, the strain remains constant, while the energy drops regardless.  Such 

behavior is akin to relaxation phenomena in glasses and can be explained via hierarchically constrained dynamics with 

stretched exponential behavior. (b) The drop in potential energy during the unloading phase. We observe an 

exponential relaxation reminiscent of viscoelastic deformation in solids. (c) The decrease in the enthalpy as a function 

of cycles during the relaxation stage. This indicates that the enthalpy as well as internal energy is minimized in these 

relaxation processes. (d) The change in average Voronoi volume and asphericity of the atoms in the interlayer and 

intralayer of the specimens. We observe a significant decrease in characteristics of the Voronoi cell for atoms in the 

interlayer, while the intralayer attributes remain approximately constant. This highlights the reconfiguration of 

interlayer constituents as the primary contributor to the relaxation phenomenon at the nanoscale.  
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Figure 2.7: Evolution of the system under constant mean shear stress as a function of cyclic
perturbations. (a) Strain evolution as cycling progresses for different stress levels. The inset
shows the drop in potential energy level during the process. For the case where stress is
zero, the strain remains constant, while the energy drops regardless. Such behavior is akin to
relaxation phenomena in glasses and can be explained via hierarchically constrained dynamics
with stretched exponential behavior. (b) The drop in potential energy during the unloading
phase. We observe an exponential relaxation reminiscent of viscoelastic deformation in solids.
(c) The decrease in the enthalpy as a function of cycles during the relaxation stage. This
indicates that the enthalpy as well as internal energy is minimized in these relaxation processes.
(d) The change in average Voronoi volume and asphericity of the atoms in the interlayer and
intralayer of the specimens. We observe a significant decrease in characteristics of the Voronoi
cell for atoms in the interlayer, while the intralayer attributes remain approximately constant.
This highlights the reconfiguration of interlayer constituents as the primary contributor to
the relaxation phenomenon at the nanoscale.

course of the second stage, regardless of the stress history (the mean stress applied during the

first stage) all systems reach a common value of energy minimum after 5000 cycles (Figure

2.7b). Since we are continuously relaxing box dimensions in our structural optimizations, it

is in fact the enthalpy of the system that is minimized. The decreasing trend observed for

all cases in Figure 2.7c corroborates this assertion. The distinction between enthalpy and
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Figure 2.8: Decrease in potential energy as a result of cyclic perturbations on the system
in an axial direction. Inflicting cycling stress perturbations to the system in the normal
direction, causes a similar decrease in energy as Fig. 2 in the main text. This similarity is
expected since cycling at zero stress in any direction signifies relaxation.

potential energy evolution proves more interesting for the third stage as described in the next

section. The results in Figure 2.7a-b, can be understood in an enthalpy landscape framework,

similar to the approach adopted to explain protein folding in biological systems[81]. A rugged

enthalpy landscape can be envisioned for the system as seen by the schematic inset in Figure

2.7b. Initially, the system resides in a metastable state, which is separated from the minimum

of the basin by numerous small barriers. Application of external stress, distorts the enthalpy

landscape of the system and lowers the secondary barriers in the basin that would ultimately

translate to higher transition rates[165]. Malandro and Lacks also showed that application of

external shear strain causes the local minima of the potential energy surface to disappear,

leading to mechanical instabilities that force the system into unexplored regions of the energy

landscape. As seen from the inset of Figure 2.7b, the landscape is transformed again upon

unloading and the system is no longer in the minimum of the metabasin. Further cycling

will again result in a drop in the internal energy to the lowest lying point in the metabasin,

as observed in the inset. To further understand the kinematic sources of relaxation in the

C-S-H sample, Voronoi volume and the asphericity of the Voronoi cells were investigated for

each atom. Asphericity is defined as the radius of the sphere with the same volume as the
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atom’s Voronoi cell[135]:

η =
A3

36πV 2
(2.3)

where A is the total area of the convex hull of the Voronoi cell and V is the Voronoi volume of

the cell. At this stage, we distinguish between atoms in the defective intralayer calcium-silicate

sheets and those forming the interlayer spacing. We observe a significant decrease in both

the average asphericity and Voronoi volume of the interlayer constituents, interlayer calcium,

hydroxide and water molecules, while the values for the intralayer atoms remain constant

(Figure 2.7d). This can be regarded as evidence that the interlayer species are the main

contributors to the time-dependent relaxation of C-S-H globules under constant stress.

Cyclic reloading of the models (Stage III)

If external stress is applied to the system at the end of the unloading stage, an instant

increase in energy and shear strain is observed. Moreover, continued cyclic perturbations will

cause the energy and strain of the system to further increase as shown in Figures 2.9a-b.

This form of cycle-dependent behavior is akin to that of viscoelastic behavior of solid materials.

We verify that the final asymptotic strain scales linearly with the applied stress, see inset

of Figure 2.9a. Consequently, we use the phenomenological standard solid model to fit our

data. This model, as shown in the inset of Figure 2.9, is composed of two spring elements

and a damper. Solving the differential equation governing this model under constant stress,

τ0, leads to:

γ =
τ0

G2

{
G1 +G2

G1

− e−λN
}

(2.4)

where G1 and G2 are the instantaneous stiffness and damping stiffness of the elastic compo-

20



 

 19 

 

Fig. 3. Time-dependent characteristics of the reloading stage. (a) Strain as a function of the number of cycles for three 

different stress levels. The inset shows that the asymptotic value of strain reached at each stress level scales linearly 

with the applied shear stress. (b) Increase in the internal energy of the system as a function of the number of cycles. 

The inset shows the standard solid model used to fit the atomistic simulation data. (c) The decrease in enthalpy as a 

function of the number of cycles, regardless of the applied stress level. The inset schematically represents the evolution 

of the system in both the enthalpy and potential energy landscapes. While the potential energy of the system increases 

by climbing the energy landscaoe, the enthalpy decreases gradually to achieve thermodynamic equilibrium state.  (d) 

A holistic view of the loading, unloading and reloading sequences that signifies the irreversibility of the relaxation 

process and reversibility of the viscoelastic behavior. 
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Figure 2.9: Time-dependent characteristics of the reloading stage. (a) Strain as a function of
the number of cycles for three different stress levels. The inset shows that the asymptotic
value of strain reached at each stress level scales linearly with the applied shear stress. (b)
Increase in the internal energy of the system as a function of the number of cycles. The
inset shows the standard solid model used to fit the atomistic simulation data. (c) The
decrease in enthalpy as a function of the number of cycles, regardless of the applied stress
level. The inset schematically represents the evolution of the system in both the enthalpy and
potential energy landscapes. While the potential energy of the system increases by climbing
the energy landscaoe, the enthalpy decreases gradually to achieve thermodynamic equilibrium
state. (d) A holistic view of the loading, unloading and reloading sequences that signifies the
irreversibility of the relaxation process and reversibility of the viscoelastic behavior.

nents, λ = G2

µ0
, and µ0 is proportional to the viscosity of the material. We obtain a value of

G = 28.8± 1.3GPa for the average of the resultant shear modulus. Although this has the

same order of magnitude as those calculated in direct shear (21.1± 2.1GPa), the discrepancy

is non-negligible. This can in part be attributed to the approximate linear relationship

that is assumed between time and number of cycles. To further understand the observed

viscoelastic phenomenon, rugged enthalpy and energy landscapes can be imagined for this

complex system (inset of Figure 2.9c). As the specimen is loaded, the system is seen climbing
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from the minimum of the basin to higher levels of potential energy. If we load a standard

solid, we will observe the same behavior. This might seem counter-intuitive, however a glance

at the evolution of the system enthalpy (Figure 2.9c) shows a decrease as stress perturbations

continue. This means that with each cycle the system is moving to a more favorable minimum

in the enthalpy landscape. Viscoelasticity also asserts that the system should recover the

initial configuration and energy without any residual deformation. This is proven to be the

case for C-S-H, as we note that in Figure 2.9d the final energy state in stage I coincides with

the final energy state in stage III.

Intraglobular to interglobar transition

The exponential viscoelastic behavior observed so far differs from the logarithmic creep

observed in nanoindentation experiments carried out by Vandamme and Ulm[149], where

nanogranular behavior of C-S-H is cited as the origin of creep. According to nano-granular

theory, C-S-H mesotxture can be viewed as the assembly of colloidal C-S-H nanoparticles

of imperfect tobermorite-like minerals[58]. This theory was hypothesized on the basis of

observations obtained from small angle X-ray and Neutron scattering as well as statistical

nanoindentation experiments[148, 3, 140]. A simultaneous look at the experimental results

and those obtained by atomistic simulations for models with different water content, raises

the question: is creep caused by sliding of calcium silicate layers over each other as envisioned

by the Feldman-Sereda model[35] or by the nanoglobular mesoscopic behavior. To address

this question, we try to reproduce the sliding of C-S-H layers by investigating samples with

different water content in the interlayer. In fact, inter and intra-globular behavior of C-S-H

can be potentially explored by merely adjusting the number of interlayer water molecules as

shown by the atomistic simulation boxes in Figure 2.10a.

Note that in the current study, intraglobular water and interlayer water denote the same
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Fig. 4. The impact of the nanoconfined water content on the morphology, structure and density of C-S-H. (a) 

Schematics of C-S-H globules at the mesoscale shows how atomistic models with varying interlayer water content 

can potentially correspond to the inter and intraglobular behavior of C-S-H. The black strips represent silicate layers, 

dark blue is the intralayer or adsorbed water and light blue is the water between nano-globules of the C-S-H. In the 

atomistic models, red represents oxygen, blue is interlayer calcium, cyan shows intralayer calcium and white and 

yellow represent respectively hydrogen and silicon atoms. (b) Variations of density and interlayer spacing as a function 

of H/S and comparison with Small Angle Neutron Scattering density measurements.  
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Figure 2.10: The impact of the nanoconfined water content on the morphology, structure and
density of C-S-H. (a) Schematics of C-S-H globules at the mesoscale shows how atomistic
models with varying interlayer water content can potentially correspond to the inter and
intraglobular behavior of C-S-H. The black strips represent silicate layers, dark blue is the
intralayer or adsorbed water and light blue is the water between nano-globules of the C-S-
H. In the atomistic models, red represents oxygen, blue is interlayer calcium, cyan shows
intralayer calcium and white and yellow represent respectively hydrogen and silicon atoms.
(b) Variations of density and interlayer spacing as a function of H/S and comparison with
Small Angle Neutron Scattering density measurements.

constituents and can be used interchangeably. Here, we choose seven samples with varying

water-to-silicon molar ratio (H/S), Figure 2.10b. These samples are prepared simply by

introducing more water molecules in the interlayers of the C-S-H model used for previous

sections. We find that while the interlayer spacing increased linearly with water content,

the density decreases linearly with it. We also investigate the behavior of amorphous ice,

the structure of which can be obtained by quenching a thermal simulation box of water

using structural optimization (infinitely fast). The amorphous ice sample can be regarded as

the limiting case for the C-S-H water content (H/S→∞). We first fully relax these eight

models by subjecting them to 104 stress cycles and subsequently reload them to monitor

their behavior during stage III (Figure 2.11a).

For samples with low water content, a purely exponential viscoelastic behavior is observed.

However, as the water content increases, a logarithmic non-asymptotic component emerges.

These results show a transition from a purely exponential viscoelastic behavior to a mixed
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Fig. 5. The impact of nanoconfined water content on the time-dependent properties of C-S-H during reloading stage. 

(a) A logarithmic component gradually appears as the water content increases. The inset shows the same experiment 

carried out on a box of amorphous ice. The graphs have been shifted for clarity. (b) Variation of creep compliance 

with the nanoconfined water content and their direct comparison with experimental values for the high and low density 

C-S-H using nanoindentation technique. A transition is observed in the region, where intraglobular water appears. We 

can also see how the values converge to the case of a box of amorphous ice in the limit. (c, d) Horizontal deformation 

of the sample with height for a sample with low water content in (c) and high water content in (d). While at high H/S 

ratio the layers freely slide over each other without distorting the solid constituents, the sl iding forces at lower H/S 

content interlocks adjacent layers that promotes the shear deformation of the solid parts. This implies that the design 

of non-aging C-S-H materials is closely tied to molecular manipulation of interglobular interlocking structural motifs. 
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Figure 2.11: The impact of nanoconfined water content on the time-dependent properties of
C-S-H during reloading stage. (a) A logarithmic component gradually appears as the water
content increases. The inset shows the same experiment carried out on a box of amorphous
ice. The graphs have been shifted for clarity. (b) Variation of creep compliance with the
nanoconfined water content and their direct comparison with experimental values for the
high and low density C-S-H using nanoindentation technique. A transition is observed in the
region, where intraglobular water appears. We can also see how the values converge to the
case of a box of amorphous ice in the limit. (c, d) Horizontal deformation of the sample with
height for a sample with low water content in (c) and high water content in (d). While at
high H/S ratio the layers freely slide over each other without distorting the solid constituents,
the sliding forces at lower H/S content interlocks adjacent layers that promotes the shear
deformation of the solid parts. This implies that the design of non-aging C-S-H materials is
closely tied to molecular manipulation of interglobular interlocking structural motifs.

exponential-logarithmic one. To capture this behavior quantitatively, we propose the following

phenomenological function for samples with higher water content:

γ(N) =
τ0

G

(
1− exp

(
− N
N0

))
+
τ0

C
log

(
1 +

N

N ′0

)
(2.5)

where 1/C and N0 are respectively creep compliance and characteristic number of stress
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perturbations. The exponential part of this equation is inspired by Equation 2.5 and the

logarithmic part can be interpreted according to experimental observations in nanoindentation

tests52. The direct measurement of H/S at the mesoscale proves difficult. Here, we estimate

H/S for experimental data based on the reported packing fraction, η, as follows:

(
H

S

)
total

=

(
H

S

)
CSH

+
(1− η)ρwmsim

Mwnsi−simηρCSH

(2.6)

where ρw and ρCSH are respectively the density of water and C-S-H. msim is the mass of the

simulation box in g.mol−1, nsi−sim is the number of silicon atoms in the simulation box, andMw

denotes the molecular weight of water in g.mol−1. We find that creep compliance measured

for low and high density C-S-H in nanoindentation experiments is close to calculations from

our atomistic simulations, Figure 2.11b. The transition of behavior from purely exponential to

a combined logarithmic-exponential brings us to the conclusion that each individual globule

behaves viscoelastically. However, their sliding over each other, which is modeled by a larger

separation of layers with interglobular water, introduces a logarithmic behavior. In other

words, these results confirm the hypothesis that creep of hydrated cement originates from

reconfiguration of C-S-H globules at the mesoscale rather than sliding of individual C-S-H

sheets over each other. To get a better understanding of the underlying cause of the transition

of behavior from exponential to logarithmic, deformation profiles are plotted in Figures

2.11c-d for specimens with different water content at several stages during the cycling process.

It can be clearly observed that for the case with higher water content (H/S>1.7), the layers

can easily slide over each other and there is a negligible shear deformation in the solid part

of the C-S-H layer and the deformation only arises from the interlayer constituents. This

is partly facilitated by weaker hydrogen bonds in the interlayer compared to the stronger

iono-covalent bonds in the silicate backbone56. However, for the case with lower water content

(H/S<1.7), a frictional interlocking exists between the motifs of the layers and larger energy

barriers should be overcome for sliding to happen. This observation is in agreement with
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a decreasing trend observed previously for elastic constants as a function of H/S[31]. The

energy barriers and their dependence on the interlayer spacing have been recently studied by

Masoumi et al.[88].

2.3.1 Model Dependency

(warning: the note from supplementary materials should be incorporated into this) First, we

note that the results presented in this paper, have been obtained based on a model prepared

via a similar procedure as explained in Abdolhosseini Qomi et al.[119]. However, there are

other more ordered models available in the literature such as those proposed by Kumar et

al.[72] and Kovačević et al.[68]. We have applied ISM to these models and also a completely

crystalline sample of tombermorite and a similar behavior as the model used herein was

observed (Supplementary Figs. 13-17 and Supplementary Note 5). This points to the fact

that the layered structure and interlayer spacing can be taken as the main contributors to the

time-dependent behavior of C-S-H and other minor structural modifications do not change

the overall behavior.

2.4 Discussion

In this chapter, stress induced time-dependent behavior of C-S-H was investigated by appli-

cation of a chain of aging shear cycles at the nanoscale. We showed that if a C-S-H atomistic

model is subjected to repeated aging/rejuvenation cycles under a constant shear stress, the

potential energy of the system will decrease until an asymptotic value is reached. This is akin

to relaxation in glassy systems and can be explained using stretched exponential hierarchically

constrained dynamics model. Voronoi and asphericity analysis of the model during relaxation

show that shear relaxation of C-S-H is rooted in reconfiguration of interlayer constituents. In
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addition, re-loading the specimen after the relaxation stage will result in an increase in the

potential energy of the system. We show that in spite of this increase, enthalpy still decreases,

which means the system is moving to more favorable minima in the enthalpy landscape. We

also demonstrate that this stage can be well described by a three-component standard solid

model, akin to an exponential viscoelastic behavior. We observe a transition window, where

the behavior changes from purely exponential to combined logarithmic-exponential behavior

with increasing interlayer water content. A combined logarithmic-exponential function was

also proposed for a phenomenological description of the observations. An in-depth analysis

of shear deformation at the atomic level demonstrated the effectiveness of the shear locking

mechanism as a potential venue to restrain non-asymptotic time-dependent behavior. Despite

the abovementioned striking observations using a rather simple approach, this work can

benefit in many ways from future research at the intersection of cement and concrete science,

molecular simulation and statistical physics. Considering the complexity in modeling cementi-

tious materials, we note that using a non-reactive classical force field limits our simulations to

non-aging creep. Investigation of aging creep, i.e. creep associated with chemical reactions[2]

(breakage and formation of covalent bonds and deformation induced dissolution-precipitation

mechanisms), can be conducted using a reactive potential in conjunction with the incre-

mental stress marching technique (ISM). This could be computationally prohibitive, due to

the large number of enthalpy optimizations and the associated cost of employing reactive

potentials. This motivates further research toward devising algorithms to reduce the cost

of reaching a low-lying minimum. Furthermore, to truly test the observed intraglobular

to interglobular transition behavior, prohibitively large atomistic models would be needed.

This calls for realistic upscaling of C-S-H atomistic models through proper coarse-graining

techniques and applying ISM to the model at the larger length scale. Regarding composition

of C-S-H, one expects fewer bridging silicate tetrahedra to be present at higher calcium to

silicon ratios (C/S). This means that the barriers due to steric repulsion will be altered

significantly and time-dependent behavior could possibly be affected. Moreover, previous
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research has shown that the number of hydrogen bonds increases with C/S which alters the

interlayer hydrogen bond network[120]. A separate study should be carried out to unravel

the role played by composition. From statistical physics standpoint, presence of small energy

barriers[98] in a complex system such as C-S-H limits the applicability of existing accelerated

dynamics techniques. A future progress in this field can potentially unlock the true dynamic

trajectory of long-term time-dependent response of structural materials. Assuming that the

transition state theory is applicable for studying C-S-H time-dependent behavior[33], the

height of barriers separating two inherent structures, i.e. local minima, governs transition

rates. Measuring the energy barriers for C-S-H, using methods such as Nudged Elastic

Band[59], proves futile due to the presence of many soft modes in nanoconfined water. This

means that establishing a link between time and number of cycles in ISM would only be

qualitative at best. (warning: Supplementary Note 2 and Supplementary Figs. 7-10 discuss a

derivation using a simplified 1D synthetic energy landscape (SEL). However, similar results

can be obtained more rigorously using higher dimensional SELs such as NK or transition

matrix models62.) Altogether, the results of this work shed more light on various aspects

of fundamental mechanisms that cause time-dependent behavior in C-S-H. Furthermore,

acceleration techniques such as the proposed ISM would bridge the existing gap between

time scales in atomistic simulations and nanomechanical testing of condensed phases, which

would ultimately pave the way for rational design of construction materials, and other glassy

systems such as oxide and metallic glasses with reduced aging characteristics.
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Chapter 3

Thermal transport in hybrid

organic-inorganic layered materials

3.1 Introduction

Organic-inorganic hybrids have found impressively diverse applications in a broad range of

industries from electronics to separation technologies.[129] They are used in fuel/solar cells[74],

photoelectrochemical water splitting[37], water treatment and separation processes[157], Li-

batteries[136], and thermoelectric energy conversion[96] to name just a few (see Mir et

al. for a recent review[97]). Recently a broad categorization of such materials has been

proposed where organics-in-inorganics hybrids (inorganic materials modified by organic

moieties) are distinguished from inorganics-in-organics materials (organic materials or matrices

modified by inorganic constituents)[139]. Such hybrid materials can also be tailored for

thermal applications for instance in building thermal insulation[57, 69], oil wells[54] or

pipelines[161, 5] in permafrost regions, and thermal barrier coatings[25]. What makes such

materials particularly attractive for thermal management is that we can achieve thermal
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conductivities lower than the amorphous limit[20, 18, 101] set by their constituents (e.g.,

silicates and polymers)[76, 29].

Such exotic reduction in thermal conductivities is intimately related to the presence of

nanoscale interfaces between dissimilar constituents regardless of whether they have a layered

nanostructure or not. For instance, a significant reduction in thermal conductivity of

amorphous silicon/germanium superlattices can be achieved due to the Kapitza resistance at

the interface between the two constituent layers [41]. Similarly, Au-Si superlattices can also

be tailored to achieve ultralow thermal conductivity[30]. Such effects have also been observed

when dispersing silicon nanoparticles in polystyrene matrix [60, 146].

An important category of hybrid materials that remains less explored (regarding both

atomic structure and thermal conductivity) is cross-linked layered organic-inorganic hybrids.

Cross-linking inorganic surfaces at the nanoscale remains experimentally challenging[91, 95].

Currently, it is achieved by methods such as atomic/molecular layer deposition[118] or

electrohydrodynamics[145]. Only recently, covalent cross-linking of calcium-silicate-hydrate

layers was achieved using dipodal organosilanes via a sol-gel chemistry technique [106].

Few studies in the literature address thermal conductivity of such materials. Liu et al.[80]

measured cross-plane thermal conductivity and volumetric heat capacity for zincone thin

films prepared by atomic/molecular layer deposition techniques. Similar results were found

by Giri et al. for TiO2 and ZnO based superlattices with periodic inclusion of organic

hydroquinone layers[42]. Losego et al.[82] were also able to utilize a simple self-assembly

approach to synthesize organoclay nanocomposites and measure their thermal conductivities

using time-domain thermoreflectance. On the atomistic simulation front, recently, Qian et

al.[117] developed a force field for organic-inorganic hybrid systems (β − ZnTe(en)0.5) and

calculated their thermal conductivity using equilibrium molecular dynamics. A common

result among such studies is the low/ultra-low thermal conductivities observed in hybrid

materials compared to their constituents. Furthermore, the reason for this reduction is
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commonly attributed to the fact that interfaces impede phonon transport, but a quantitative

physics-based clarification of the origins of this reduction seems to be missing. This motivates

an in-depth investigation of modal heat transport and characterization of modal vibrations

in cross-linked organic-inorganic hybrid materials.

Our objectives in this chapter can be stated broadly as: 1- Construction of a model cross-linked

organic-inorganic hybrid material and understanding its structural features through free

energy calculations. 2- Investigating the impact of organic inclusion on thermal conductivities.

3- Explaining the observed conductivity values through a comprehensive modal analysis. We

have chosen 11 Åtobermorite (TB) as our base inorganic material. Dipodal organosilanes

with different lengths are grafted to opposing surfaces of TB layers to construct cross-linked

organic-inorganic hybrids (XTB). This model only serves as a prototype for this class of

layered organic-inorganic hybrids. Using molecular dynamics simulations, we first investigate

variations in the basal spacing of hybrid samples with different grafting density and polymer

length. Guided by potential-of-mean-force (PMF) calculations, we show that the drift of

inorganic layers is the main reason behind the reduction in the basal spacing in hybrid samples

at low grafting densities. Next, we use the fluctuation-dissipation theorem-based Green-Kubo

approach to calculate the thermal conductivities from equilibrium simulations and show a

reduction of up to 40% in heat conductivities in hybrid materials. To further understand the

origins of this reduction, a full modal analysis is performed. We use a comprehensive and

complementary set of computational techniques to characterize and categorize all vibration

modes. We demonstrate that reduced mode diffusivities are the main cause of diminished

thermal conductivities in our hybrid system (i.e. cross-linked tobermorite or XTB).
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3.2 Methods

Computational model

To construct the cross-linked models, we start from the structure of 11 Å tobermorite derived

by Hamid [48]. Organosilanes with formulas (CH2)n(SiO3)2 with n = 2, 4, . . . , 12 are grafted

to tobermorite surfaces by substituting two bridging sites with each silicate tetrahedra in the

organic molecule. Currently, several force fields are available for modeling inorganic C-S-H

(e.g. CSHFF[132, 103], CementFF, etc.[100]). Moreover, there are force fields that focus

on modeling organic/bio compounds (e.g. CVFF[27] and PCFF[16]). However, due to the

presence of organic-inorganic interfaces in our systems, we have chosen the INTERFACE

force field[49]. The parameters used in this study are an extension of CVFF for tobermorite

minerals. After the model setup, we run molecular dynamics simulations in the NPT ensemble

in LAMMPS[114] to equilibrate the system. Nosé-Hoover thermostat and barostat[127] with

a time step of 1fs were used for sampling in the NPT ensemble. The basal spacing can be

obtained from the ensemble average of the z component of the cell vector.

Potential of mean force

For free energy calculations, we put the same number of organosilanes present in the composite

samples on a regular grid. The distance between the center of mass of silica tetrahedra is

taken as the collective variable (CV), λ. The potential-of-mean-force (PMF) for this CV is

calculated by integrating the mean force, as follows[107]:

A(λ) = −
∫ λ

λmin

〈F (x)〉dx (3.1)
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Modal analysis and thermal conductivity

The thermal conductivity tensor is computed using the so-called Green-Kubo formalism:

K =
V

kBT 2

∫ ∞
0

〈J(0)⊗ J(t)〉 dt (3.2)

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

simulation cell volume. See Qomi et al.[121] for more details. Vibrational density of states

(VDoS), g(ω), is computed from the Fourier transform of velocity auto-correlation function

as[154]:

g(ω) =
1

NkBT

N∑
j=1

mj

∫ ∞
−∞
〈vj(t) · vj(0)〉eiωtdt (3.3)

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

respectively.
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To study the mode localization, i.e. the spatial extent at which atoms are involved in a given

vibrational mode, we calculate the participation ratio[14] for each eigenvector j:

P j =
1

N
∑N

i=1 |εji |4
(3.4)

where εji is the polarization vector of atom i in mode j, while
∑N

i=1 |εji |2 = 1. While the

participation ratio of 1 means all atoms participate in a given mode, a P value close to zero

means the mode is localized to a small group of atoms [164]. A threshold can be set such

that modes with a small P value can be designated as a localized mode.

Characterizing phonon-like propagating modes in amorphous materials is more challenging

than detecting localized modes. Usually, the structure factor is employed for this purpose[34].

However, it is not clear how this can be applied in an anisotropic and inhomogeneous

setting such as hybrid materials. Recently, an ad-hoc formula has been proposed for comput-

ing a quantity called “eigenvector periodicity", which reportedly helps with distinguishing

propagons[130]. Here, we propose a method based on a direct discrete Fourier transform of

normalized eigenvectors. This is similar, in spirit, to the work of Kaya et al.[63] carried out

on disordered colloidal solids. For each vector in the k-space grid (generated compatible with

the periodicity of the simulation box and interatomic distances), we then have:

γk(kr) = |
N∑
j=1

3∑
α=1

εkjα(rj)e
−ikr·rj | (3.5)

where εkjα 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 sum of Fourier transforms of each component of

eigenvector k for wavevector kr. If a mode has an underlying frequency resembling a kr

wavevector, γk(kr) will have a large value. In other words, such modes will have at least one

outlier within the data set {γk(kr) | r = 1, 2, . . . , n}. To detect if a data set contains such an

outlier or not, we use the absolute value of standard score (known as the z-score) commonly
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used in statistics:

zkr =

∣∣∣∣γk(kr)− µkσk

∣∣∣∣ (3.6)

where µk and σk are the mean and standard deviation of the dataset for mode k. Similar

to participation ratio, a threshold can be used to determine if a mode has outliers among

amplitudes calculated for various wavevectors and if it does, it can be categorized as a

propagon, i.e. phonon-like propagating mode.

Limits of propagon,diffuson and locon regions of the spectrum should be prescribed. Given

that locons are determined based on participation ratio (a well-established technique), certain

values have been proposed in the literature for the locon-diffuson limit[130]. However, as

regards the propagon-diffuson limit, since we are proposing a new technique, a decision has

to be made regarding the threshold. Since the final formulation is cast in terms of statistical

z-scores, an appropriate value can be adopted considering a probabilistic interpretation. We

note that ultimately the categorization is to some extent subjective which is analogous to

how the electromagnetic spectrum is divided into segments, namely ultraviolet, X-rays etc.

The last method used in this chapter is the formula proposed by Allen and Feldman (AF) for

computing mode diffusivities[4]:

Di =
πV 2

3h̄2ω2
i

6=i∑
j

|Sij|2 δ (ωi − ωj) (3.7)

where S is the heat current operator and V is the cell volume and ωi is the frequency of mode

i. From these, we can compute the diffusive thermal conductivity as κdiff = 1
V

∑
iCi(T )Di,

where Ci is the heat capacity of mode i. GULP[38] software is used for calculating mode

diffusivities in our systems.
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3.3 Results and discussion
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Figure 3.2: Leveraging PMF calculations to understand the underlying reasons for observed
basal spacing values (a) Potential of mean force (PMF) for nCH2 = 4 for high and low grafting
(HG and LG respectively) from polymer chains is summed with that of tobermorite (TB).
The shift in position of mimima is negligible. The schematic in (b) demonstrate the concept.
(c) RMSD for in-plane displacement of grafted bridging silica (Si-b). There is a significantly
larger drift for the layers in samples with lower grafting. (d) PMF for real configuration of
polymers extracted from relaxed composite structures

The first structural information obtained from our simulations is the basal spacing, as shown

in Figure 3.1. σg denotes the number of grafted polymers per surface area and nCH2 denotes

the number of CH2 units in the organosilane polymer (chain length). As expected, the basal

spacing increases almost linearly as a function of polymer size[106]. Our recent experimental

findings[106] on hybrid systems with a similar structure are compatible with these results as

shown in Figure 3.1. In these experiments, we were able to synthesize hybrid calcium silicate

hydrate gels of controlled stoichiometry, and via a sol-gel process using dipodal organosilanes
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(bis-alkoxysilanes) of alkyl chain lengths (nCH2) ranging from 2 to 8. The nanostructures

were characterized with various techniques including X-ray diffraction (XRD). Presented

experimental results, Figure 3.1, are derived from high-resolution XRD experiments carried

out in the low 2θ (3◦ ∼ 15◦) range, which encompasses the basal reflection of the hybrid

systems. More details on synthesis protocols, characterization results and molecular structure

can be found in Moshiri et al[106].

In experiments carried out on clay composites, Losego et al. were also able to control

the interlayer spacing by varying chain length and trends similar to those observed in our

simulations were obtained[82]. However, experiments are silent on grafting surface densities,

σg. Figure 3.1 shows an interesting phenomenon: we have smaller basal spacing at smaller

grafting densities for a given polymer length. It is not immediately clear what causes this

behavior. We can think of three sources for the reduced basal spacing at a constant nCH2 :

1. A shift in the equilibrium position of polymers confined between solid layers. This can

be verified by investigating the PMF of parallel polymer systems with end-to-end distance

as the collective variable. 2. The dependence of basal stiffness on polymer grafting density

and 3. A layer drift, which causes the polymers to tilt and the interlayer to collapse. What

follows is a quantitative investigation of these hypotheses. Due to computational limitations,

we only focus on 10 cases: (σg, nCH2) ∈ {1.3nm−2, 2.6nm−2} × {2, 4, 6, 8, 10}. Samples with

σg = 1.3nm−2 are labeled LG (low grafting density) and those with σg = 2.6nm−2 are labeled

HG (high grafting density).

First, we construct a regular grid of parallel polymers with the same σg as in the composite

samples (schematics in Figure 3.2a). The PMF for these samples with the collective variable

being the distance between the layers can be calculated as explained in the methods section.

The results for nCH2 = 4 and two grafting densities are shown in Figure 3.2b (other lengths

show similar behavior. See Supplementary Information Figure 1S for other cases). Intuitively,

when we have higher polymer density, we expect inter-polymer steric repulsion to shift the
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Figure 3.3: Reduction in thermal conductivity as longer chains are grafted into the interlayer.
(a) cross-plane (z-direction) component of thermal conductivity. (b) Volumetric thermal
conductivity. In this case, a significant reduction is observed for even the smallest chain
length.

location of PMF minimum. However, at these values of σg, we only see a negligible shift,

which means steric repulsion cannot be responsible for the observed decrease in the basal

spacing at a constant nCH2 . Moreover, if the PMF from the inorganic part is added to

that of the polymer-only system, we still do not see any significant shift in the location

of the minimum in the combined organic-inorganic PMF (Figure 3.2b). This is expected

because at such a large basal spacing, the attractive ion correlation forces between the layers

are weak[88, 89], as seen in the same figure. Also the difference in stiffness values near

the minimum (∂λA(λ)) between the two grafting densities is not large enough to cause the

observed basal spacing. This means the reduced basal stiffness cannot be at the origins of

reduced basal spacing at a given nCH2 .

To investigate the impact of the relative lateral shift between solid layers, we calculate

in-plane RMSD of bridging silicons for all samples (Figure 3.2c). It is clearly seen that

there is a significant discrepancy between samples with high and low grafting densities at a

constant polymer length. Since layers are cross-linked, the shift results in further tilting of

the polymers, which entails a significant collapse of the interlayer spacing. But our simple

model of parallel polymers on a regular grid is not able to capture this drift. So, we extract
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the actual configuration of polymers from the interlayer of relaxed structures and repeat the

PMF calculations with these disordered configurations. As shown in Figure 3.2d, there is

a significant shift in the location of PMF minima, which is comparable to values reported

earlier in Figure 3.1. This further confirms that the interlayer drift is the main reason behind

the observed reduction in the basal spacing by varying grafting density. A more accurate

demonstration would require the addition of sliding collective variables[88], which results in

a 3D PMF in the collective variable configuration space. However, this approach currently

remains computationally prohibitive.

Once properly relaxed hybrid organic-inorganic atomic structures are at hand, we can compute

thermal conductivities using the Green-Kubo (GK) formalism for all samples. Here, we focus

on κzz and the volumetric conductivity κv = κxx+κyy+κzz
3

. As can be seen in Figure 3.3a, for

σg = 1.3nm−2 (LG), we only observe significant reduction in κzz for the longest chain length

(nCH2 = 10). For σg = 2.6 nm−2 (HG), a steady reduction is observed up to nCH2 = 8. There

seems to be a plateau after nCH2 = 8 which indicates a limit to control the conductivity based

on nCH2 . For volumetric conductivity (Figure 3.3b), we have a reduction in conductivity

of about 17% even for nCH2 = 2, irrespective of grafting density. nCH2 = 10 shows highest

reduction for both κzz and κv (17% and 40%, respectively). We now focus on understanding

the origins of the observed reduction in thermal conductivity.

As a first attempt, one might model thermal conductivity using a simple series model such as

the following:

dtotal

κeff

=
∑
layers

di
κi

+
∑

interfaces

1

Gi

(3.8)

where d is layer thickness and G is the interfacial thermal conductance. For TB layers,

we assume κTB = 1.2 W/m ·K and dTB = 11.2 Å. For the organic layer, we take κORG =

0.15 W/m ·K in our approximation based on values reported in the literature for amorphous
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polymers (0.1 ∼ 0.2 W/m ·K)[153]. Neglecting interface contributions, for (HG)nCH2 = 6, 8

we get κeff = 0.39, 0.33 W/m ·K, respectively, which is significantly lower than our GK

calculations. Several contributing factors can be cited for the observed discrepancy. First, we

expect the short polymer chains in our study, which are also covalently bonded to inorganic

layers to have higher conductivity than bulk conductivity of amorphous polymers[134]. This

is supported by previous investigations on the effect of bonding and cross-linking on thermal

conductivity[64, 83]. Moreover, we used the bulk value of conductivity for the tobermorite

layer, while the conductivity of a single layer is unknown. Bulk values can be further corrected

due to size effects when they are used in continuum calculations[23], which further reduces κTB

in Equation 3.8. The result is further reduction of κeff and further deviation from atomistic

results. There are also interface effects between TB layers which is unknown when doing

bulk calculations. The above discussion underlines the fact that simple continuum models

are inadequate for our complex system at such small scales and more holistic modal analysis

approaches are required to better understand the underlying physics of heat transport in

organic-inorganic hybrids.

Figure 3.4 (a) shows vibrational density of states for TB, XTB at nch2 = 8 with high grafting

(HG) and that of a single polymer. In a frequency range of 30∼45 THz, we can see that

polymer molecules have modes that are absent in TB. Hence, we can expect this modal

mismatch to result in scattering at the interface between TB and the organic material, which

manifests as reduced diffusivities as we show later on. In the literature, this vibrational

mismatch is cited as the underlying reason for lower conductivity[41, 117]. This hypothesis

can be further investigated by a full characterization of vibrational modes of the systems.

Based on their spatial vector fields, these modes can be categorized into locons, diffusons or

propagons[4]. To distinguish locons, we compute the modal participation ratio (PR) for all

modes of each sample (a typical result is shown in Figure 3.4b). As discussed in the methods

section, a cutoff value is needed (e.g. a value of 0.1 as used in some previous studies[130]).

In this study, we use a more conservative value and modes with a PR smaller than 0.05 are
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Figure 3.4: Modal analysis for tobermorite and cross-linked tobermorite (XTB) with nCH2 = 8.
(a) Vibrational density of states for tobermorite, polymer and XTB with nCH2 = 8. Adding
organic constituents introduces modes in an interval of about 30∼50 THz which is absent
in tobermorite. This results in a vibrational mismatch between the organic and inorganic
layers and leads to reduced mode diffusivities (b) Participation ratios are calculated for each
mode. This data is used to distinguish locons (c) Results for spatial Fourier decomposition
of two typical modes on the 3D Fourier basis. At lower frequencies, modes show dominant
(outlier) amplitudes for particular wavevectors and are designated as propagons. The rest
(except those already designated as locons) are labeled as diffusons (d) Full modal spectrum
for TB and XTB with nCH2 = 8. We can visually see the abundance of localized modes in
the hybrid case compared to pristine tobermorite.

labeled as locons. Note that a higher value would result in higher conductivities. Moreover,

the calculations are not sensitive to this limit since higher frequency modes (whose inclusion

or exclusion is affected by the limit) already have small contributions to conductivity.

To distinguish propagating modes, we use equation 3.5 as described in the methods section.

The results for two modes with low and medium frequencies are shown in Figure 3.4c. We

see that modes with lower frequency (1 THz here) show marked peaks, which are absent
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from modes with higher frequency (10 THz here). Regarding threshold value, as in the

diffuson-locon limit, we choose a very conservative value of 6 for detecting propagons. This

means that we have an outlier if the frequency amplitude has a negligible probability. In

other words, we should have one or more sharp spikes in the data as in Figure 3.4c. After

distinguishing localized and propagating modes, the remaining modes are labeled as diffusons.

Figure 3.4d shows the full characterization spectrum for both TB and XTB. For TB, we

calculated vibrational modes after introducing a defect in the system. However, due to

crystallinity, a few anomalous propagating modes are observed at higher frequencies. Our

results are compatible with previous findings for amorphous silicon, where propagating modes

were observed even beyond the Ioffe-Regel threshold[130, 104]. From this spectrum, we can

see that although a sharp difference is observed in the number of locons for TB and XTB,

both have more or less the same number of propagons. But why do we have such a stark

difference in the percentage of locons between TB and the composite system?

0 0.5 1 1.5 2 2.5 3 3.5
0

0.5

1

1.5

2

2.5

3

3.5

Added degrees of freedom ×10−3

N
um

be
r

of
lo

co
ns

or
pr

op
ag

on
s
×

10
−

3 y = x

Number of locons

Number of propagons

Figure 3.5: Number of locons and propagons in each sample as a function of added degrees
of freedom. For locons, a linear relationship with a slope of 1 is observed which indicates
modes added due to polymers are all locons. However, the number of propagons shows a
negligible increase.

In Figure 3.5, we plot the number of locons and propagons as a function of degrees of freedom

(DoFs) that are added to the TB structure (all added DoFs belong to the organic part).
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Interestingly, we find that locons increase with a slope of almost 1, while the number of

propagons shows a negligible increase. This is what was visually observed in Figure 3.4d

as well. In a sense, one could say that although the number of modes available for thermal

transport is more numerous in the hybrid system, those added DoFs are all localized and do

not contribute to heat transport. So one can conclude that it is a change in the character of

the same number of either diffusons or propagons that is lowering the thermal conductivity

of the hybrid material.

To investigate this hypothesis quantitatively, we try to separate the diffusive part of con-

ductivity (κdv) from the propagative part (κpv). This can be done by computing κdv using

Allen-Feldman theory as described in the methods section, which gives κpv = κv − κdv. Figure

3.6a shows that κdv remarkably has the same decreasing trend as the total conductivity shown

in Figure 3.3 and constitutes roughly 33∼50% of κv. This value can be contrasted with

the higher diffusive contribution in a more disordered system obtained by Zhou et al.[163].

However, as seen from Figure 3.6b, such trend is non-existent for κpv = κv − κdv. This points

to the fact that the reduction in thermal conductivity mainly arises from a change in mode

diffusivities. In the literature, this reduction is routinely attributed to “scattering of phonons

at the interface” with the implicit assumption that the propagating modes are the only

contributor. This is justifiable for multilayered crystalline materials with sharp interfaces

(e.g. thermal interface conductance in Si/Ge superlattices[21]) studied in the literature.

However, in our case the results show that the propagon contribution remains unchanged due

to cross-linking and the reduction can only be attributed to diffusons. It further underlines

the importance of full spectral analysis in complex hybrid materials.

Figure 3.6c shows mode diffusivities for a number of cross-linked models (nCH2 = 2 (LG),

nCH2 = 10 (LG), nCH2 = 2 (HG), nCH2 = 10 (HG)) and the pristine TB. We see that

overall, models with larger polymer length and higher grafting show lower diffusivities.

These diffusivities can be used to compute cumulative κdv for each model which is shown in
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Figure 3.6d. Therein, we clearly see the reduced cumulative κdv which arises as a result of

hampered diffusivities. Combined with unchanged contribution from propagating modes, this

quantitatively demonstrates that the reduction in heat conductivity can only be due to the

reduced mode diffusivity of diffusons, which is in turn rooted in the modified interfaces in

cross-linked samples compared to the pristine inorganic structure.

The procedures discussed in this chapter for separating propagating and diffusive contributions

to thermal conductivity can just as well be applied to a range of materials (including materials

with nanoconfined water[120]) to better understand the mechanisms underlying their heat

transport. Such fundamental knowledge would ultimately assist with the design of new

nanomaterials and nanoscale thermal processes. For instance, an interface is created when a

nanoparticle is embossed through laser heating in a polymer matrix[138] which is amenable

to a spectral analysis. Moreover, metal organic frameworks (MOFs) are a primary choice for

water uptake at low relative humidity[19], as in design of energy efficient adsorption-based

chillers[78].

It might be challenging to find biological applications for the particular prototype material used

in our study. However, there are biological/biomimetic materials with similar characteristics

amenable to thermal analysis. For instance, nacre is composed of platelets of aragonite

separated by sheets of an organic matrix. Artificial analogs of nacre[142] can be synthesized

with nanoscale platelet sizes which makes them ideal multifunctional materials where high

fracture toughness and low thermal conductivity are simultaneously desired. In addition to

nacre, layered double hydroxides (such as clays), which have similar structures to our system,

can be used as controlled release systems for pesticides, genes and drugs among others[128].

Our experimental findings[106] show negligible swelling/shrinkage in these materials which

can enhance the release of nanoconfined fluids without interlayer collapse. Chitosan-silane

hybrids are another important class of materials which find applications in membranes, tissues

or scaffolds[141].
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Conclusions

The following concluding remarks summarize the new findings presented in this paper:

1. Bipodal organosilanes with different chain lengths can be used to cross-link nanoscale

interfaces of layered inorganic materials such as tobermorite and phyllosilicates with

different surface grafting densities. Higher grafting means larger basal spacing (at a

constant polymer chain length) and in this paper, we have shown that the drift in the

inorganic layer lies at the origins of this difference.

2. We show that organic cross-linking can reduce volumetric thermal conductivity as

much as 40%, which is lower than values obtainable from pristine amorphous inorganic

components.

3. A simple method for characterizing propagons was introduced. We show that the

number of propagons is more or less unchanged as a function of carbon content. We

also show, using participation ratio that the added organic modes due to cross-linking

are all localized in nature.

4. By computing mode diffusivities for all modes of all samples, we show that a reduction

in mode diffusivities in cross-linked systems is the main cause of the lower thermal

conductivities observed in our organic-inorganic composites.

We envision that these findings can potentially pave the path toward designing a new

generation of low-thermal conductivity insulating materials, which is the subject of our

ongoing investigations. It is conceivable that our findings can have direct implications for

designing thermally insulating hybrid materials with applications ranging from automotive

to space industries.

From a computational prospective, this work opens up paths for future research. At larger
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scales, the building blocks of the hybrid material studied (similar to pristine tobermorite) can

be modeled as globules of several cross-linked layers. A coarse-grained model can be developed

through free energy calculations and judicious choice of interaction potentials among these

particles[87]. Once the meso-texture is at hand, upscaling of material properties can be

achieved. Since we have already calculated thermal conductivity for the hybrid material

at the nanoscale, a homogenization technique such as Mori-Tanaka theory can be used to

compute conductivities at larger scales[17] based on computed porosities. Density, pore-size

distribution and creep performance[105] are among other properties that can be studied using

mesoscale models.
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Figure 3.6: Decomposition of thermal conductivity into propagating and diffusive compo-
nents and understanding origins of observed differences in diffusive contribution to thermal
conductivity (a) The diffusive component computed using Allen-Feldman theory. The trend
is similar to what was computed using Green-Kubo in this paper. (b) Propagon contribution
obtained as κpv = κv − κdv. We see that the decreasong trend disappears. (c) Comparison
of mode diffusivities for a number of cross-linked models and pristine TB. Overall, mode
diffusivities show significant reduction due to cross-linking, where we have high grafting and
long chain lengths. (d) Cumulative diffusive contribution to the thermal conductivity. For
small chain length and low grafting percentage, we do not observe a significant change in κd
compared to the pristine TB. The reduction is most significant for large chain lengths and
high grafting percentages. See Figure 2S in Supplementary materials for other grafting and
chain lengths. Lines in figures are guides for the eye.
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Chapter 4

XC-S-H: A cross-linked calcium silicate

hydrate for improved thermal and creep

performance

4.1 Introduction

Most existing techniques to reduce thermal conductivity in construction materials utilize

macroscopic features of the material. For instance, air voids or hollow glass microspheres can

be introduced into the cement matrix to obtain concrete with lower thermal conductivity[69].

Creep performance can also be improved by incorporating various types of fiber in concrete

(e.g. carpet fibers)[102, 162]. The question we want to address in this chapter is: is it possible

to engineer the molecular structure of C-S-H gel to improve properties such as thermal and

creep performance. In recent years, there has been significant research on the effect of Ca/Si

ratio and atomic substitutions on C-S-H properties such as stiffness[119], fracture toughness[7]

and creep[105] which can be categorized as the "inorganic approach". An example of this
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strategy is the work of Pellenq and Gmira where bonding scheme of interstitial ions or surface

charge density of C-S-H is leveraged to engineer gel cohesion. Although such techniques

can potentially improve properties, however they still have limited application and remain

mainly as an academic pursuit. 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. It was also

recently shown that stoichiometric modifications of C-S-H have negligible effect on thermal

conduction which can be attributed to their ineffectiveness in changing the nature of existing

modes of conduction[121, 163].

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 optimum design of the mesostructure, such organic-inorganic hybrid C-

S-H gels could potentially provide cement-based matrices with unique properties beyond their

inorganic counterparts. For instance, recent investigations on clay minerals[82] show a 5-fold

reduction in the thermal conductivity of organoclay nanolaminates compared to unmodified

clay. However, the main question we should as is whether the nanoscale crosslinking of C-S-H

with organic molecules in hydrating Portland cement systems is an attainable goal.

The problem of synthesis of organic-inorganic (O-I) C-S-H has drawn the attention of various

research groups. In particular, the early works of Matsuyama and Young [91, 92], 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

types of polymer can be also post-intercalated within already precipitated C-S-H product.
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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. However, for small molecular weight polymers such

as poly(vinyl alcohol) (PVA) the observed systematic expansion was significantly below the

effective diameter of PVA molecule (0.45 nm) and does not seem to present strong evidence

of intercalation.

In these studies, the possibility of interactions of C-S-H with various polymers was also

considered. Following the study of 002 reflection shift measured on O-I C-S-H hybrids

synthesized with neutral, anionic, and cationic molecules according to different synthesis

methods, including direct precipitation, the experimental evidence pointed toward dominating

role of surface adsorption rather than intercalation. Merlin et al.[93] 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 consequence,

the texture of C-S-H / polymer hybrids resembles a “meso-composite”, 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 [13, 61, 47]. For example, while working

with hexadecyltrimethylammonium (HDTMA) molecules[13], a dipolar dephasing (DD) 13CP

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 intercalation could

not be definitely ruled out either exposing the complexity of assessing interactions between

organic molecules and non-stoichiometric solids like C-S-H.
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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. By studying novel organic-

inorganic gels, synthesized via sol-gel method using conventional organosilanes e.g. n-

hexyltriethoxysilane (HTES), Minet et al.[95] 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 Si-C 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 chapter, 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).

First, we report relevant experimental findings of Moshiri et. al.[106] where 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. The samples were subjected to Inductively coupled plasma -

optical emission spectrometry (ICP-OES) and X-ray powder diffraction to obtain clues about

the nanoscale structure of the synthesized material. These experiments demonstrate that

cross-linking of noscale galleries of C-S-H have been achieved.

Due to novelty of the material, little is known about its properties. Hence, our objective

is to obtain an accurate atomistic model of the material which makes it possible to study

its properties. First, the experimental findings are used in constructing the structure of

the material for atomistic simulations. Density functional theory calculations are used to

develop a quantum mechanically derived force field which can be used for molecular dynamics

simulations. To achieve this goal, we have developed a novel fitting process that can be used

to construct force fields for similar materials. Finally, thermal and creep properties of the
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material are studied using the developed force field to demonstrate how it can be used in

applications.

4.2 Experimental results1

In this section, we summarize experimental results that form the foundation of our modeling

efforts later on. The sol-gel processing provides a unique opportunity for manipulation of

the molecular structure of C-S-H with organometallic molecules. Measured concentrations

of major elements (except carbon) constituting synthetic C-S-H and its organic hybrids are

reported in Table 4.1. 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 organosilane hydrolysis. However,

in the case of hex:C-S-H (chain length 6) gel the Ca/Si molar ratio is slightly below the target

value designed in the experiment suggesting close to but not optimum synthesis conditions

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 4.1: Chemical composition of synthesized gels as measured with ICP-OES.
Gel type Ca (wt%) Si (wt%) Na (wt%) Ca (mol) Si (mol) Ca/Si
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
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

The first direct evidence of successful incorporation of organometallic molecules into the

molecular structure of synthesized gel is provided by X-ray powder diffraction performed in

the low 2θ range (Figure 4.1), which encompasses the basal reflection d002 of C-S-H[125].

It is observed that incorporation of longer chain organosilanes increases the interlayer spacing

relative to C-S-H d002 reflection located at ≈12.7 Å (≈7° 2θ). This effect is especially evident

for hex:C-S-H and oct:C-S-H. Thus, a stratified molecular structure with long-range order in
1This section was adapted from Moshiri et. al[106]
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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 isobserved that incorporation of longer [CH2]n chains (BIS) organosilanesincreases the interlayer spacing relative to TEOS: C-S-H d002 reflectionlocated 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 silicatetrahedron 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). Onthe contrary, the basal reflection position in BTSE modified C-S-H re-mains unchanged relative to TEOS:C-S-H, suggesting that small sizeorganic molecules can be accommodated within the interlayer spacewithout causing dilation along c crystal axis. In addition, such smallmolecules seem to lead to a lower degree of crystallinity and/or crys-tallite size as indicated by the largest broadening of the basal peak. Theestimated 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 ingels 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 allhybrid gels were collected under the same analytical conditions, andtherefore 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 isanother important point worth consideration here. One of the commonlyused mineral analogs, based on which the C-S-H structural models areproposed, is 14 Å tobermorite [41–43]. By heating tobermorite, a reductionin the interlayer distance is obtained through the progressive dehydrationprocess [44,45]. Likewise, the basal spacing of quasi-crystalline C-S-Hshrinks 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 observedin the baseline TEOS:C-S-H sample (Fig. 2), where the contraction of d002from 12.6 Å (≈7°2θ) to 10.8 Å (≈8°2θ) is recorded upon changing dryingconditions from 50 °C to 105 °C. However, a very contrasting phenomenonis 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 changingthe drying conditions from mild to more severe, indicating no shrinkagealong c-direction. Such retention of the basal distance can be realized bythe cross-linking of Ca-galleries with alkyl chains, thus providing anotherexperimental evidence of the successful hybridization of calcium-silicate-hydrate. It must be noted, the possibility of organosilane molecules presentin the different conformational states within the interlayer space cannot beexcluded at the current stage and requires further investigation.The incorporation of the organic molecules within the molecularframework of C-S-H hybrids has also important implications for thestructural order in a-b plane. Accordingly, as presented in Fig. 3a thereference TEOS:C-S-H sample exhibits a few and broad diffractionmaxima 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 observedset of reflections systematically observed in patterns from synthetic andOPC based C-S-H [39,42,43,48,49]. Of particular importance is the

Table 2Chemical 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 ± 0.03BTSE: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 ± 0.03HEX: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 ± 0.08OCT: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 afterbackground 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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Figure 4.1: 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 24h at 50°C under vacuum.

the c-direction has been established with possible condensation of silica tetrahedron on the

Ca polyhedron layers. A similar trend in the expansion on the unit cell was reported by Minet

et al.[95] for organosilicate hybrids incorporating silanes with only one Si-C bond and non-

hydrolyzable organic moiety, e.g. n-hexyltriethoxysilane (HTES). On the contrary, the basal

reflection position in BTSE (1,2-Bis(triethoxysilyl)ethane) modified C-S-H remains unchanged

relative to 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 crystallite size as indicated

by the largest broadening of the basal peak.

The change in the interlayer distance upon continuous dehydration is another important point

worth consideration here. By heating tobermorite 14 Å, a reduction in the interlayer distance

is obtained through the progressive dehydration process [159]. Likewise, the basal spacing

of quasi-crystalline C-S-H shrinks upon losing the interlayer water [144]. For C-S-H with

CaO/SiO2 ≈ 1, the contraction from ≈ 13Å (mild drying conditions) to ≈ 11Å (harsh drying)
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has been reported [90]. Similar behavior is observed in the baseline C-S-H sample (Figure

4.2), 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 (Figure 4.2), 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.

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 thepolyhedral calcium layer (Fig. 3b).A quite different picture is obtained on the hybrids of C-S-H gelsynthesized with organosilanes. The main differences include: (a) re-duced number of diffraction events corresponding to coherent X-rayscattering in a-b plane, (b) increased broadening in which maxima tendto 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 gelsshow 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 molecularstructure of hybrid C-S-H gels shows a lower degree of ordering in a-bplane 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 atomswithin the central layer of C-S-H hybrids. By analogy to tobermorite, C-S-Hcomprises of “stratified” calcium polyhedra, which are displaced along caxis by ≈2 Å relative to each other (Fig. 4a). Depending on the crystalvariety, the unit cell has an orthorhombic or monoclinic character. On thecontrary, the Ca atoms in portlandite structure form planar sheaths (seeFigs. 3c and 4b) and the unit cell is hexagonal [43]. A typical feature of thehexagonal unit cell is the ratio d100 /d110, which has theoretical value
3 ≈1.732. If the two main reflections observed in the hybrid gels areassigned to 100 and 110 planes, respectively, their d-spacing ratio is around1.704 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. Thisobservation, together with observed trends in the basal reflection (Fig. 1b),suggests the nanocrystalline turbostratic structure of hybrid gels in whichrandomly stacked hexagonal layers of Ca-polyhedra display systematicrandom 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 trialkoxysilanewith n-alkyl functionality, has been also suggested by Ukrainczyk et al.[35] and Minet et al. [36]. By using the analogy with 2:1 trioctahedralMg-phyllosilicates, e.g. smectite, the latter authors estimated a CaeCadistance of 0.351 ± 0.005 nm, which is close to the dCa-Ca found in thebrucite-like layers of portlandite.

3.3. 29Si MAS NMR and 13C CP-MAS NMR
The insight into the chemical environment of silicon contained inthe 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 andcalcium silicate hydrates modified with bridged bipodal (BIS)-organosilanesOCT: 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 Merlinoet al. [44] (b), and structure of portlandite (c). Structural models generated in VESTA®.
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Figure 4.2: Effect of dehydration on the interlayer distance in the TEOS:C-S-H and oct:C-S-H

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 Figure 4.3a the reference TEOS:C-S-H (Tetraethyl orthosilicate) 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
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systematically observed in patterns from synthetic and OPC based C-S-H [44, 43]. Of

particular importance is the triplet 3.04 Å, 2.81 Å, 1.83 Å, which corresponds to coherent

scattering from regularly arranged atomic planes, e.g. calcium in the polyhedral calcium

layer (Figure 4.3b).

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 thepolyhedral calcium layer (Fig. 3b).A quite different picture is obtained on the hybrids of C-S-H gelsynthesized with organosilanes. The main differences include: (a) re-duced number of diffraction events corresponding to coherent X-rayscattering in a-b plane, (b) increased broadening in which maxima tendto 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 gelsshow 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 molecularstructure of hybrid C-S-H gels shows a lower degree of ordering in a-bplane 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 atomswithin the central layer of C-S-H hybrids. By analogy to tobermorite, C-S-Hcomprises of “stratified” calcium polyhedra, which are displaced along caxis by ≈2 Å relative to each other (Fig. 4a). Depending on the crystalvariety, the unit cell has an orthorhombic or monoclinic character. On thecontrary, the Ca atoms in portlandite structure form planar sheaths (seeFigs. 3c and 4b) and the unit cell is hexagonal [43]. A typical feature of thehexagonal unit cell is the ratio d100 /d110, which has theoretical value
3 ≈1.732. If the two main reflections observed in the hybrid gels areassigned to 100 and 110 planes, respectively, their d-spacing ratio is around1.704 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. Thisobservation, together with observed trends in the basal reflection (Fig. 1b),suggests the nanocrystalline turbostratic structure of hybrid gels in whichrandomly stacked hexagonal layers of Ca-polyhedra display systematicrandom 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 trialkoxysilanewith n-alkyl functionality, has been also suggested by Ukrainczyk et al.[35] and Minet et al. [36]. By using the analogy with 2:1 trioctahedralMg-phyllosilicates, e.g. smectite, the latter authors estimated a CaeCadistance of 0.351 ± 0.005 nm, which is close to the dCa-Ca found in thebrucite-like layers of portlandite.

3.3. 29Si MAS NMR and 13C CP-MAS NMR
The insight into the chemical environment of silicon contained inthe 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 andcalcium silicate hydrates modified with bridged bipodal (BIS)-organosilanesOCT: 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 Merlinoet al. [44] (b), and structure of portlandite (c). Structural models generated in VESTA®.
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Figure 4.3: a) Global X-ray diffraction spectra of organosilane-modified gels and TEOS:C-S-H
b)Atomic structure of 11 Åtobermorite, monoclinic polytype, after Merlino et al. [94] c)
structure of portlandite

A quite different picture is obtained on the hybrids of C-S-H gel synthesized with organosilanes.

The main differences include: (a) reduced 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 Åand ≈1.8 Å. However, the band located at ≈4.5 Åis missing in the BTSE:

C-S-H, which was synthesized using the shortest carbon chain organosilane, 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.
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Given the XRD observations, it is worth asking whether some conclusions 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 Årelative to each other (Figure 4.4a). Depending on the crystal,

the unit cell has an orthorhombic or monoclinic character. On the contrary, the Ca atoms

in portlandite structure form planar sheets (see Figures 4.3c and 4.4b) and the unit cell is

hexagonal[126]. A typical feature of the hexagonal unit cell is the ratio d100 /d110, which

has theoretical value of
√

3. 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 (Figure 4.1b), suggests a 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[45].

modifications, is provided by 29Si NMR spectroscopy. The commonlyused Qn and Tn nomenclature is adopted. In this notation, Q representsthe silicon atom bonded to four oxygen atoms forming tetrahedron
while T represents the silicon atom bonded to three oxygen atoms andone organic group, R. The superscript n indicates the number of otherQ, 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 astratified 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 decompositioninto two dominant species T1 and T2.
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Figure 4.4: 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.

The in-plane hexagonal symmetry and turbostratism of (Al, Mg, Ca)-alkylsilicates, derived
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from the sol-gel processing of trialkoxysilane with n-alkyl functionality, has been also suggested

by Ukrainczyk et al.[147] and Minet et al.[95]. By using the analogy with 2:1 trioctahedral

Mg-phyllosilicates, e.g. smectite, the latter authors estimated a Ca-Ca distance of 0.351 ±

0.005 nm, which is close to the dCa-Ca found in the brucite-like layers of portlandite.

4.3 Atomic structure

Based on experimental information available to us from the previous section, we can construct

an atomic model of the material which makes it possible to further study the material

via simulations. We start by constructing a supercell of portlandite using the following

transformation matrix:

T =


2 0 0

1 2 0

0 0 1

 (4.1)

which gives an orthogonal unit cell with parameters a = 7.185Å, b = 6.22Å, c = 4.905Å,

α = 90, β = 90 and γ = 90. Next, dipodal organosilanes are grafted on both surfaces

of portlandite galleries to achieve cross-linking. In this study we focus on chain lengths

n = 4, 6, and8. To graft the silicate end of the polymers to the surfaces, the interlayer space

required is estimated based on expected polymer length. Cell height is set to 11.5Å, 14Å and

16.5Å for lengths 4, 6 and 8 respectively. This arrangement results in a structure that is close

to an energy minimum and can be optimized with density functional theory calculations.
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4.4 Dispersion-corrected DFT calculations

Periodic GGA-DFT calculations were carried out using vasp simulation package[71]. The

energy cutoff was set to 600 eV for the plane wave basis set. The projector wave method[15]

is used in our calculations. Moreover, Grimme’s D2 method[46] was used to account 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. After initial setup, the

system with smallest chain length (n = 4) is energetically minimized for both atomic and cell

degrees of freedom (DoF) using the conjugate gradient optimizer as implemented in vasp.

Although the initial atomic configuration created based on experimental data should be close

to an energy minimum, we found that the optimization needs to be carried out in stages for

the system to settle into a high quality minimum. After some trial and error, the following

scheme was adopted:

1. Layers are held fixed (including silicate tetrahedra). No cell DoF involved. CH2 in the

interlayer are relaxed.

2. Similar to previous step, but all carbon and hydrogen atoms are free

3. All ions are free, but still no cell DoF.

4. All ions and cell DoFs are used for optimization.

After the DFT-optimized structure for tet:C-S-H is at hand, we can simply expand the

interlayer in the structure and add [CH]2 blocks to construct hex and oct:C-S-H models. This

approach provides better starting points for DFT optimization of these latter structures. The

final DFT-optimized structures for the three models can be seen in Figure 4.5.

Besides the optimized structure, the DFT calculations can also provide lumped atomic

charges and elastic constants for the three samples which are essential for developing the
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(a) (b) (c)

Figure 4.5: DFT-optimized atomic structure of XCSH. Red, cyan, white, yellow and tan
represent Oxygen, carbon, hydrogen and silicon respectively and the chain lengths are a) n=4
b) n=6 and c) n=8

force field later on. Charges are computed from electronic density of the optimized hex:C-S-H

system using Density Derived Electrostatic and Chemical (DDEC6) charge partitioning

technique and its related code (chargemol) developed by Manz group[85]. Elastic constants

are calculated using finite difference by applying a small distortion to the simulation box

and performing a self consistent electronic relaxation at the deformed state. If we define cell

matrix as h = [a b c] where a,b, c are column cell vectors, the small strain tensor can be

defined as[110]:

ε =
1

2
(hh−10 + h−ThT)− I (4.2)

where h0 and h are the initial and deformed cell matrices. Since we have σij = Cijklεkl, we

can compute each component of the elastic tensor if we apply a deformation which gives a
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single non-zero strain component (h = Mh0). For example for the x direction we have:

h =


1 + dεxx 0 0

0 1 0

0 0 1

× h0
Eq 4.2
====⇒ ε =


dεxx 0 0

0 0 0

0 0 0

 (4.3)

where dεxx is the strain increment needed for finite differnce calculations. By repeating the

process for all components, the elastic tensor can be computed. The completely anisotropic

elastic tensor has 21 distinct components. Since we are dealing with a layered material, we

assume transverse isotropy which reduces non-zero elements to only 5. However DFT results

later on demonstrate an in-plane anisotropy which we take into account by including a 6th

constant namely C22 in our fitting process. In voigt notation we have:



σxx

σyy

σzz

σyz

σxz

σxy


=



C11 C12 C13 0 0 0

C12 C22 C13 0 0 0

C13 C13 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 (C11 − C12)/2





εxx

εyy

εzz

εyz

εxz

εxy


(4.4)

4.5 XCSHFF: A quantummechanically derived force field

for simulating cross-linked calcium silicate hydrates

To train a force field for molecular dynamics simulations, we first need to decide a functional

form for the energy of the system and then adopt a strategy for fitting the parameters. To be

able to incorporate existing knowledge from well-developed force fields that apply to systems
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related to XC-S-H, we adopt the following functional form:

U =
∑
bonds

kb(r − r0)2 +
∑
angles

ka(θ − θ0)2 +
∑

dihedrals

kd(1 + cos(nφ))+

∑
pairs

4ε

[(σ
r

)12

−
(σ
r

)6
]

+ Uelec (4.5)

where Uelec is the electrostatic contribution to energy. This expression contains 7 parameters

that should be computed by fitting to observables obtained from DFT calculations. Now we

focus on a strategy for computing these parameters.

The fitting process can be significantly facilitated if we can find parameters from the literature

which can initialize the fitting process. ClayFF[26] and CVFF[28] force fields perform

exceptionally well for portlandite and organic materials respectively. So we extract relevant

parameters from these force fields to initialize kb, ka, kd, ε and σ and atomic charges. Based

on their respective environments, the particles in our systems are divided into 12 atom types.

These types and their initial values can be seen in table 4.2.

Table 4.2: Atom types, DDEC6 charges and paramer initialization based on ClayFF and
CVFF

Atom type
Initial

charges (e)
DDEC6

charges (e) ε (kcal/mol) σ(Å)

calcium (Ca) 1.05 1.464 5.0298e-06 5.5667
silicon (Si) 1.425 1.453 1.8405e-06 3.302
hydroxyl oxygen 1 (Oh1) -0.95 -1.061 0.1554 3.1655
silicate oxygen 3 (Oh2) -0.95 -0.805 0.1554 3.1655
silicate oxygen 2 (Om) -0.95 -0.881 0.1554 3.1655
silicate oxygen 1 (Os) -0.95 -1.050 0.1554 3.1655
Layer hydrogen (Ho) 0.425 0.374 0.0 0.0
Silicate hydrogen (Hs) 0.425 0.386 0.0 0.0
hydrogen 1 (Hc) 0.1 0.065 0.038 2.4500
hydrogen 2 (Ha) 0.1 0.141 0.0 0.0
aliphatic carbon (C) -0.2 -0.131 0.039 3.8754
silicate carbon (Cs) -0.2 -0.603 0.039 3.8754

The initial parameters result in large forces on atoms in the DFT-optimized structure which
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means the desired minimum is vastly different from what we are getting from the combined

ClayFF-CVFF force field. Consequently, an optimization attempt using initial parameters

results in significant structural deviations from DFT restults (see Tables 4.3 and 4.4). As

a first step, we substitute charges with those calculated based on DDEC6 as can be seen

in table 4.2. These values are in most cases compatible with the initially assigned charges.

However, in some cases such as carbon attached to silicons on the surface, the charge is

significantly improved compared to those provided from ClayFF and CVFF. Moreover, since

we have considered a larger number of atom types, charge assignment based on DDEC6 is

able to distinguish between these types. Next, we try to adjust the initial parameters to

minimize the sum of squares of force components on the atoms as expressed in the following

equation:

F =
∑
DoFs

f 2
i (4.6)

where fi is the corresponding force on a degree of freedom (DoF). Since the initial parameters

have reasonable physical significance, we don’t want to deviate too much from them. We

adopt a genetic algorithm (GA) optimizer as implemented in gulp[38] and explore an interval

of ±20% around the initial parameters with a fine discretization of 210. The result of this

optimization is not guaranteed to be the global optimum but we obtain a set of parameters

that give much smaller forces on the DFT-optimized structure and hence a subsequent

molecular optimization using the updated force field results in good agreement with structural

DFT observables.

Since we plan to use the force field to study thermal and mechanical properties later on,

we need to include second order properties in the set of observables obtained from DFT

calculations. We choose the 5 elastic constants for a transversely isotropic material plus

C22 as shown in Equation 4.4. We adopt a local optimization strategy which attempts to
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minimize the following sum:

Felast =
∑
i,j

(CMM
ij − CDFT

ij )2 (4.7)

where (i, j) ∈ (1, 1), (2, 2), (3, 3), (4, 4), (1, 2), (1, 3). The challenge here is that elastic prop-

erties need to be calculated at a local minimum and we need a full optimization after each

modification step in parameters. Explained in more detail, in this stage, each of the bonding

and LJ parameters are incremented about the initial value and an optimization is performed

(increments range from 0.1∼1%). The parameter increment that gives the most reduction

in Felast is accepted. The process is repeated until no parameter change results in a lower

values for Felast. An additional criteria for accepting a change is that cell parameters and

elastic constants should not exceed the assigned error tolerance. We set an error tolerance of

8% for cell parameters and 20% for elastic constants. Note that elastic constants are fit to

DFT results for hex:C-S-H and the transferability of the obtained parameters is checked by

comparing DFT resutls for tet:C-S-H and oct:C-S-H. The developed strategy for optimization

can be seen in Figure 4.6.

With the set of parameters at hand, we can investigate the performance of the force field by

comparing various characteristics of tet,hex and oct: C-S-H with DFT results and experiments

(in case data is available). After fully relaxing the structures using the developed force field,

we can immediately extract structural data i.e. cell parameters. As can be seen in Table 4.3,

the average error for the initial ClayFF-CVFF parameters for hex:C-S-H is 14.6% which is

reduced to only 2.6% after the fitting process. Note that the fitting strategy developed in this

chapter, allows for prescribing a desired error for cell parameters. However, a smaller error

means a more computationally costly and challenging fitting process. Note that hex:C-S-H

has the smallest error as expected since this is the structure we used for fitting. The force

field performs remarkably well for both tet and oct:C-S-H with average errors of 2.7% and

4.4% which shows the transferability of the force field to other chain lengths.
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Initialize parameters from CVFF + Clayff + DDEC6 charges

Global GA optimization for forces on LJ and bonding parameters

Local increment on LJ parameters

Structural optimization

Desired accuracy
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achieved?

Stop

no

yes
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Figure 4.6: Flowchart demonstrating the strategy developed for force field parametrization

Regarding elastic constants, the main quantity used for measuring quality of the fit is the

distance between the DFT and FF elastic tensors. In this study, we use the Euclidean

measure of distance which allows us to also compare the results with similar computations

on Tobermorite 11 Åreported by Shahsavari et. al[132]. The normalized Euclidean distance

is defined as:

dE(CDFT,CFF)

|CDFT|
(4.8)

64



Table 4.3: Cell parameters based on both DFT and foce field calculations. The values are
compared with initial ClayFF-CVFF parameters

Sample Method a b c α β γ
Average
error(%)

tet:C-S-H
DFT 6.86 6.94 11.59 92.11 83.54 89.22
FFinitial 4.99 7.95 14.17 74.81 69.62 87.40 16.9
FF 6.90 7.48 14.71 91.89 79.59 90.41 2.7

hex:C-S-H
DFT 6.80 6.98 13.97 90.84 79.16 90.96
FFinitial 5.26 7.44 16.92 79.79 72.59 76.12 14.6
FF 6.90 7.4 14.7 91.8 79.5 90.41 2.6

oct:C-S-H
DFT 6.71 6.99 16.13 92.40 71.96 91.09
FFinitial 5.03 7.63 19.65 95.04 72.95 90.56 10.8
FF 6.88 7.53 17.32 92.81 76.37 90.49 4.4

We compute a distance of 0.09 for hex:C-S-H which compare well with 0.11 reported for

CSHFF for Tobermorite 11 Å[132]. Note that the level of accuracy for XC-S-H is more

challenging to achieve compared to Tobermorite since we are not dealing with a well-defined

crystal in the case of the hybrid material. The average error for hex:C-S-H is 10% which is

about a 4-fold improvement compared to the initial error of 39%. This might seem a high

value compared to the error in cell parameters, but we should note that elastic parameters

are a second order property of the material and the fitting process is roughly an order of

magnitude more costly than fitting for cell parameters alone due to the optimizations involved

in each step. However, in future developments if a more strict tolerance is required, the fitting

procedure developed herein allows the user to prescribe the level of accuracy desired.

We now turn to experimental data which we can compare to both DFT and FF results. The

main data we have are basal spacing extracted from X-ray diffraction results (Figure 4.1 and

desnity. Table 4.5 provides the computed values for basal spacing and density from DFT and

FF calculations. The FF values can be compared to DFT results to measure the performance

of the force field and DFT results can be compared to experiments to assess how realistic the
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Table 4.4: Elastic constants (GPa) computed by finite difference for both DFT and molecular
mechanics based on the developed force field (FF). Values are also compared with results
based on initial ClayFF-CVFF parameters.

Sample Method C11 C22 C33 C44 C12 C13
Average
error(%)∗

Euclidean
distance

tet:C-S-H
DFT 48.53 60.91 99.69 13.26 14.37 22.18
FFinitial 32.58 50.29 10.12 1.87 13.84 5.49 50.8 1.5
FF 45.02 49.61 84.41 11.00 9.95 21.61 15 0.13

hex:C-S-H
DFT 36.10 40.03 88.40 4.13 6.12 16.80
FFinitial 37.08 38.86 12.34 4.13 10.85 5.90 39.0 1.3
FF 37.18 43.55 81.28 7.51 7.34 20.23 10 0.09

oct:C-S-H DFT 33.58 42.59 88.31 5.95 9.87 17.67
FFinitial 42.32 45.02 12.20 2.55 9.87 6.15 29.4 1.2
FF 31.33 37.09 70.23 4.94 5.03 17.91 10 0.17

∗Values smaller than 5 GPa are ignored

overall model is. Table 4.6 shows that DFT results agree exceptionally well with experimental

results which demonstrates the adequacy of the model adopted as far as density and basal

spacing are concerned. The force field shows expansion of the box within 5% in all directions

which results in some significant deviation in density. If desired, this error can be reduced by

incorporating density as an observable in the fitting process.

Table 4.5: Basal spacing and Density

Quantity Method tet:C-S-H hex:C-S-H oct:C-S-H

Basal spacing (Å)
Exp. - 14.0 16.2
DFT 11.56 13.90 15.94
FF 12.09 14.49 16.80

Density (g/m3)
Exp. - 1.71 1.58
DFT 1.81 1.71 1.68
FF 1.71 1.52 1.48
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Table 4.6: Error in basal spacing and density (%). DFT results show excellent accuracy when
compared to experimental data. Quantities calculated with the developed force field are also
compared to DFT results.

Quantity Type tet:C-S-H hex:C-S-H oct:C-S-H

Basal spacing DFT wrt Exp. - 0.7 1.5

FF wrt DFT 4.5 4.2 5.3

Density DFT wrt Exp. - 0.0 6.0

FF wrt DFT 5.5 11.7 11.9

4.6 Average elastic properties

The elastic tensors can also be compared by condensing the components into quasi-isotropic

properties, namely bulk and shear moduli. The most common approach is based on the

techniques developed nearly 100 years ago by Voigt[151] and Reuss[123] which respectively

provide an upper and lower bound for bulk moduli, K, and shear modulus, G. The arithmetic

mean of Voigt and Reuss bounds is known as the Voigt–Reuss–Hill (VRH) approximation[50]

which is classically used in mineralogy to estimate the elastic constants corresponding to a

random polycrystal. The Voigt upper limits can be calculated as:

KVoigt =
1

9
(C11 + C22 + C33 + 2 (C12 + C13 + C23)) (4.9)

GVoigt =
1

15
(C11 + C22 + C33 + 3 (C44 + C55 + C66)− C12 − C23 − C13) (4.10)

and the corresponding Reuss lower limits are:

KReuss = (S11 + S22 + S33 + 2 (S12 + S13 + S23))−1 (4.11)

GReuss = 15 (4 (S11 + S22 + S33 − S12 − S13 − S23) + 3 (S44 + S55 + S66))−1 (4.12)
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The values for the Voigt-Reuss-Hill (VRH) bulk and shear moduli are provided in Table 4.7.

These values can be compared against KVRH and GVRH for Tobermorite 11 BÅ. We observe

that the values are smaller by more than 50% in all three samples and we have a softer

material in hybrid cases. Also the values do not show a significant change when the chain

length is increased from 6 to 8 which means a plateau is reached for chain lengths above 4.

Moreover, the DFT values compare well against FF values. However, this is expected since

we already demonstrated good performance of the force field for elastic constants.

Table 4.7: Average elastic parameters (GPa). The upper (Voigt) and lower (Reuss) bounds
are computed based on equations 4.9 and 4.11. The average of these two bounds gives the
Hill estimates for shear and bulk moduli..

Sample Method KVoigt GVoigt KReuss GReuss KVRH GVRH

tet:C-S-H DFT 36.28 22.66 30.45 16.25 33.37 19.46
FF 31.71 19.84 26.98 14.43 29.34 17.13

hex:C-S-H DFT 27.11 15.62 20.87 7.48 23.99 11.55
FF 28.62 15.43 22.19 7.37 25.40 11.40

oct:C-S-H DFT 28.32 15.71 21.50 8.99 24.91 12.35
FF 25.55 13.36 20.46 7.60 23.01 10.48

Tobermorite
11 Å [132] DFT 66.7 37.8 55.0 34.1 60.8 36.0

4.7 Applications of the force field to XC-S-H

4.7.1 Thermal conductivity

Now that we have the force field available to us, we can apply the same Green-Kubo theory

expounded in section 3.2 to compute thermal conductivity for XC-S-H. Results for tet, hex

and oct:C-S-H are presented in table 4.8 and compared with experimental values which

are available for hex:C-S-H and oct:C-S-H. We can see that in both cases, simulations
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over-estimate the value of thermal conductivity. From the previous sections, we know the

overall structures used in simulations are close to what exists in experiments. However,

several factors can still contribute to smaller values observed for thermal conductivity in

experiments compared to simulations. First, as the elemental analysis in table 4.1 shows,

we have impurities such as Na in the system besides what is present in our model which

can amplify scattering in the material. Moreover, we are considering only the fully dry case

while in reality, we still have some water molecules in the interlayer of the samples which yet

again is an additional mechanism for phonon scattering. The next factor is structural order

present in the simulated models compared to experimental samples. As X-ray data in figure

4.3 shows, we expect a more disordered in-place structure overall compared to the single cells

constructed for simulations. For instance we only considered presence of dimer silicates on

the surface of portlandite interlayers while it’s possible that we have a mixture of dimers and

trimers in experimental samples. Also due to size limitations, turbostratism of the layers has

not been taken into account in simulations. Such concerns can be addressed in future research

focused on thermal conductivity in XC-S-H Based on findings in Chapter 3, we can also

Table 4.8: Thermal conductivity (W/m.K) computed from Green-Kubo calculations as
described in section 3.2. Simulation results are compared to experimental values available for
hex:C-S-H and oct:C-S-H

tet:C-S-H hex:C-S-H oct:C-S-H

Exp. - 0.46± 0.034 0.347± 0.026
GK 0.751± 0.068 0.647± 0.079 0.636± 0.098
Diffusive (DFT) 0.25 0.16 0.15
Diffusive (FF) 0.28 0.19 0.19

separately calculate the diffusive contribution to thermal conductivity using Allen-Feldman

theory[4]. As see in table 4.8, force field results overestimate the diffusive contribution as

compared to DFT data. However, they are within 20% of each other which is an acceptable

error considering the tolerance we set for elastic parameters when fitting the force field.

Moreover, these results provide further evidence that the reduction in thermal conductivity
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can be mainly attributed to a change in character of diffusive modes. In other words, if only a

comparison is required to assess thermal conductivity between hybrid materials with different

chain lengths, it is possible to only rely on diffusive contributions computed based on DFT

results. Finally, the force field results can be further improved (if required) by including

vibrational information in the fitting data set.

4.7.2 Creep

In this section, we aim to investigate potential applications of XC-S-H for improved creep

performance using the developed force field for the hybrid material and the incremental stress

marching technique developed in chapter 2. Strain evolution as a function of cycles is plotted

in 4.7. These results can be compared to results in Figure 2.11. For C-S-H with H/S=2.9,

the basal spacing has a value of about 14 Å. With 5000 cycles, a strain of 7% is reached

for those samples. As seen in Figure 4.7, this level of strain corresponds to hex:C-S-H and

oct:C-S-H. This regime can be considered a transition from intraglobular to interglobular

behavior. We can see that at longer basal spacing were interglobular behavior is becoming

dominant, cross-linking can significantly reduce shear strain. For oct:C-S-H we have about

8% compared to 11% for C-S-H at similar basal spacing. The strain figure also paints a

different picture of the energy landscape for X:C-S-H compared to C-S-H. As the schematic

in Figure 4.7(b) shows, we seem to have major basins (dotted curves) with smaller basins

inside which cause the jumps seen in Figure 4.7. This picture is compatible with a fractal

picture of the energy landscape[22] and is expected for a complex system such as XC-S-H.
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Figure 4.7: Evolution of strain under constant shear as a function of applied cycles which
correspond to temporal evolution (creep).

71



Chapter 5

Summary and future research

Our purpose in this thesis was to better understand various characteristics of organic and

hybrid calcium silicate hydrates which are ubiquitous in construction industry. We adopted a

simulation approach which is capable of providing valuable insight at the nanoscale. In the

first part of the thesis, we investigate time-dependent mechanical properties (e.g. creep) of

C-S-H. The main contributions of this part are as follows:

• A simulation technique (incremental stress marching or ISM) was developed which

makes it possible to overcome large energy barriers and study evolution of the material

over inaccessibly large time scales.

• At small scales, each C-S-H globule behaves like a viscoelastic material. In other words,

there is an asymptote to the time-dependent deformation and unloading causes the

material to go back to the initial state. This behavior can be modeled by a stretched

exponential function.

• As the water is increased in the interlayer and basal spacing is increased, we transition

from a viscoelastic intraglobular behavior to an exponential-logarithmic interglobular
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behavior. This demonstrates that lograithmic creep arises from sliding of C-S-H globules

over each other rather than logarithmic deformation of the globules themselves.

• Finally, an exponential-logarithmic function is proposed for modeling the combined

viscoelastic-creep behavior of C-S-H.

The second part of the thesis explores physics of thermal transport in a prototypical hybrid

organic-inorganic material. The contributions of this part are as follows:

• Hybrid organic-inorganic models were constructed by cross-linking interlayer space in

Tobermorite 11 Åwith polymers of chain lengths 2, 4, 8 and 10. The INTERFACE force

field was adopted for the model which made molecular dynamics simulations possible.

• Using the Green-Kubo theory, thermal conductivity of the material was computed. We

found a significant reduction in samples with longer chain lengths.

• To understand the origins of this reduction, a modal analysis was carried out on the

models. A method was developed for characterizing propagating modes as opposed to

diffusive modes.

• It was found that degrees of freedom corresponding to the polymer molecules, only

contribute to localized modes. Moreover, the percentage of propagating modes remains

constant. Hence, we can conclude that the reduction in thermal conductivity can be

attributed to reduced diffusivities.

In the last part of the thesis, we focused on developing a hybrid material which can be

synthesized in the lab and shows great potential for improved performance. The contributions

of this section are as follows:

• Using dipodal organosilanes and through a sol-gel process, a hybrid organic-inorganic

material was synthesized in the laboratory.
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• Through extensive X-ray characterization, we demonstrate that the inorganic layers

are cross-linked by organic chains.

• The experimental findings such as basal spacing, density and in-plane X-ray reflections

are used to resolve an atomic model for the material.

• An algorithm is developed for curating a quantum mechanically derived force field that

is capable of providing accurate material properties such as cell parameters and elastic

properties.

• Thermal conductivity and creep properties of the material are explored as demonstra-

tions of what can be done with the developed force field.

It is our hope that these contributions help in moving the cement industry toward a more

reliable and sustainable material. There remains so much to be done and the research carried

out in this thesis can be further pursued in multiple directions:

• Regarding the techniques developed for simulating time-dependent phenomena, ques-

tions remain regarding the exact relationship between shear cycles and time. Synthetic

energy landscapes such as the NK model[56] combined with Kinetic Monte Carlo

techniques may be able to shed some light on the connection.

• As regards thermal and mechanical properties in hybrid materials, we only investigated

cross-linked interlayer spaces. However, single-sided grafting may potentially have

lower conductivity as in clay minerals[82] which warrants further investigation through

experimental synthesis and simulations.

• At the moment, we are only able to measure creep and elastic properties of XC-S-H

though simulations. Experimental techniques need to be developed to be able to

measure such nanoscopic properties for XC-S-H.
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• In recent years, machine learning force fields have shown potential for accurate mod-

eling of thermal conductivity and other properties in complex systems[67, 65]. Their

applicability and accuracy can be explored for hybrid systems.

• For more accurate thermal conductivity modeling, vibrational density of states or

density can be included as observables in the fitting process. Although the added

computational expense might prove challenging.

• Availability of XCSHFF provides an opportunity to explore other material properties

such as fracture toughness even before any experimental measurements are possible.

• In XC-S-H, we ignored the role played by water and assumed completely dry samples.

The effect of water content on material behavior merits further investigation. Moreover,

impurities may affect the computed conductivities.
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