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ABSTRACT: The mechanical and thermal properties of the
gigatonnes of concrete produced annually are strongly affected by
the anharmonicity of the chemical bonds in its main binding phase,
nanocrysta l l ine ca lc ium−(a lumino−)s i l icate−hydrate
(C−(A−)S−H). Improvements in C−(A−)S−H design increas-
ingly depend on simulations utilizing a set of effective interatomic
forces known as “CSH-FF”, yet these assumptions have never been
directly examined at the chemical bond level, and there is no
guidance for their improvement. In this work, we use high-pressure
Raman spectroscopy to directly measure bond anharmonicity in a
representative series of C−(A−)S−H samples with varying
composition and two natural model minerals, 14 Å tobermorite and xonotlite. We find that structural water molecules effectively
scatter thermal energy, providing a heuristic for improving the thermal resistance of concrete. A comparison of experimental and
calculated bond anharmonicities shows that a stiffer Si−O interaction would improve the transferability of CSH-FF to the thermal
properties of C−(A−)S−H. High-pressure Raman spectroscopy is suggested to improve the calculations of C−S−H and to
characterize other complex, nanocrystalline materials.

■ INTRODUCTION

Concrete production is responsible for nearly 10% of
anthropogenic carbon dioxide worldwide,1−3 because of the
direct manufacture of Portland cement (the principal binder in
concrete) and because of the processes affiliated with its
deployment. The primary binding phase in Portland cement is
calcium−(alumino−)silicate−hydrate (C−(A−)S−H),4,5

which controls the mechanical and thermal properties (e.g.,
thermal conductivity and thermal expansivity) of the resulting,
hardened concrete.
Throughout this manuscript we will use cement notation for

our samples. Cement notation describes the reagents used to
prepare the cement and/or the composition of the cement
precipitates, where C = CaO, S = SiO2, A = Al2O3, and H =
hydrate or H2O.
Modifying the structure of the binding phase C−(A−)S−H

can affect the bulk modulus by at least a factor of 2,6 and its
thermal conductivity can have as large an effect as added
aggregates on the final thermal conductivity of hardened
concrete.7,8 Unfortunately, the thermal resistance and
compressive strength of classic C−(A−)S−H have a negative
correlation (because these properties have opposite correla-
tions with density), so new insights are needed to develop a
binding phase that can provide sufficient thermal insulation
and mechanical strength to address the growing heating and air
conditioning energy consumption of buildings.4,9,10

C−(A−)S−H is a nanocrystalline material whose atomic
structure and mechanical properties are acceptably modeled
with a so-called defective tobermorite structure.5 The 14 Å
tobermorite has a layered structure (Figure 1a) comprising
two-dimensional calcium oxide sheets sandwiched between
one-dimensional dreierketten chains of silica tetrahedra. The
tetrahedra can be in a paired environment directly on the
calcium oxide sheet or in a bridging environment offset from
the paired tetrahedra along the c-axis. Because each silica
tetrahedron is bound to two other silica tetrahedra they are all
“Q2” according to standard notation.11 If there is aluminum in
the structure, the aluminum substitutes for a bridging Q2 silica
tetrahedron without affecting the rest of the structure, except
for a slight increase in b axis because of slightly longer bond
lengths.6,12,13 Between these silica chains is a layer of strongly
adsorbed water and charge-balancing interlayer calcium ions.14

Although the chains are infinitely long in 14 Å tobermorite,
there are defects in C−S−H in the form of missing bridging
tetrahedra, leading to “Q1” tetrahedra at the end of the chains
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(Figure 1b). Aluminum can induce cross-linking of adjacent Si
chains, leading to a cross-linked structure (Figure 1c).6

If the interlayer of 14 Å tobermorite is completely collapsed,
water molecules and interlayer calcium ions are removed, and
the opposing silica chains cross-link, the resulting structure is
xonotlite (Figure 1d). There are two environments for silica
tetrahedra in xonotlite: those in the Q2 environment, which
resemble the paired tetrahedra of 14 Å tobermorite, and those
in the Q3 environment, bound to a silica tetrahedron on both
sides approximately along the b-axis and one silica tetrahedron
along the a-axis. It should be noted that there are very similar
structural motifs between the samples, including the
dreierketten silica chains and calcium oxide sheets.
Despite their limitations, simulations have provided valuable

insight in the physics of cementitious materials at small scales.
These simulations prescribe all interatomic interactions
through force fields such as CSH-FF,18 ClayFF,19 or ReaxFF.20

An in-depth review of these force fields is provided in Mishra
et al.21 The most widely used force field, CSH-FF, is a
reparameterization of ClayFF to improve second order
properties (e.g., elastic constants) based on ab initio
calculations of 11 Å tobermorite. In this force field, atoms
interact via electrostatic and van der Waals potentials, and
covalent harmonic interactions exist only for water and
hydroxyl molecules. This force field was trained solely based
on first-principles calculations and its predictive capability was
checked against elastic, strength, and creep properties
measured in nanoindentation and high-pressure X-ray
diffraction experiments.6,10,22,23 Presently, we rely on spectro-
scopic experiments24,25 of highly crystalline materials and
brute-force empirical methods, for example, ab initio
calculations of crystalline minerals, for force field refinement,
but there is little guidance for the structural−chemical regimes
of validity of the force fields in C−(A−)S−H and whether
linear extrapolations can be safely performed.
Raman spectroscopy is a direct probe of lattice vibrations.

Lattice vibrational frequencies describe the local bonding
environment through the position of their energy bands.26 This
technique is commonly employed to study crystal structure,27

orientation,28 and chemical composition.11,29,30 High-pressure
Raman spectroscopy, when coupled with high-pressure X-ray
diffraction (HP XRD), can describe the anharmonicity of
interatomic interactions in a given sample as described below,
which has implications for parameters of immediate practical
interest, such as bond character and thermal conductivity.

Consider an anharmonic oscillator described by a two-body
potential, U(l), where the bodies are separated by a distance l
with effective attractive and repulsive terms31 given in eq 1:

U l U al rl( ) A R
0= − +− −

(1)

where U0 is a reference energy, a is the coefficient for the
attractive term, A is the power dependence of the attractive
potential, r is the coefficient for the repulsive term, and R is the
power dependence of the repulsive term. The frequency of a
given vibration, ωi, changes with pressure, P, as does the
associated volume; the ratio of the relative change in frequency
to the relative change in the associated volume is called the
mode Grüneisen parameter, γi. When strain is small, the mode
Grüneisen parameter of the particular oscillator is related to
the exponents in eq 1 as follows:31
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where Vi is the volume that is changing during the vibration,
not the volume of the unit cell.32 Higher values of γi indicate
softer, more anharmonic interactions. The mode Grüneisen
parameter is 3.5 for 6−12 Lennard-Jones interactions, ∼2.2 for
ionic interactions, and ∼1 for covalent interactions.31 The
pressure derivatives make explicit how we can combine
separately obtained data for vibrational frequency (by high-
pressure Raman spectroscopy) and for volume (by high-
pressure XRD) to determine the Grüneisen parameter.
The bulk Grüneisen parameter is related to the mode

Grüneisen parameter of individual oscillators of eq 2 through
eqs 3a−3c:
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where cVi is the constant-volume heat capacity of a given
oscillator, Ni is the number of such oscillators, α is the
constant-pressure thermal expansivity, B0 is the bulk modulus,
ρ is the density, CV is the bulk constant-volume heat capacity,
kB is the Boltzmann constant, Xi is the ratio of vibrational to
thermal energies, and ℏ is the reduced Planck’s constant. Note

Figure 1. (a) Crystal structure of 14 Å tobermorite,15,16 (b) proposed structure of C−S−H based on 14 Å tobermorite, (c) proposed structure of
cross-linked C−(A−)S−H, (d) crystal structure of xonotlite.17 Specific Si tetrahedra are labeled using standard notation.
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that eq 3a is for the full unit cell of a pure material and eq 2 is
for an individual oscillator.
The mode Grüneisen parameter is also closely linked to

thermal conductivity of a material. The thermal conductivity of
a material is given by the Boltzmann transport equation in eq
4a,33 and the relation to the Grüneisen parameter is given by
eq 4b34,35 when phonon−phonon scattering processes
dominate:4

c v
i

Vi i iBTE
2∑κ τ=

(4a)

Mv
k Ti

i

i

2

2
B

τ
γ

= Ω
(4b)

where κBTE is the thermal conductivity, vi is the group velocity
of the phonon, τi is the relaxation time of the phonon, M is the
reduced mass, and Ω is a factor that accounts for thermal
occupation.34,35 The inverse-square dependence in eq 4b
between the relaxation time and the mode Grüneisen
parameter is also valid for scattering at grain boundaries and
at stacking faults,35 but with different prefactors.
Roughly 30% of thermal energy transport in C−(A−)S−H

occurs through the scattering mechanisms4,7 of long-wave-
length phonons below 100 cm−1 (the so-called boson peak)
and the rest is controlled by diffusive modes between 100 and
600 cm−1. Phonon interactions occur through the nonlinear
(cubic and higher order) terms in the interatomic potentials,
and manifest themselves macroscopically in measurable
properties such as thermal conductivity and volume
expansivity. Direct experimental access to interatomic bond
anharmonicities is thus of considerable importance in the
development and refinement of force fields capable of
predicting important material properties. While we cannot
directly access the low-energy vibrational modes responsible
for heat transfer in our present experimental setup, we can
measure the effects of anharmonicities on higher frequency
modes through the measurement of their Grüneisen
parameters. The approach is supported by several surveys of
other oxides showing that the mode Grüneisen parameter of
low wavenumber modes correlates with the mode Grüneisen
parameters of high wavenumber modes.36−39

In this work, we present the high pressure Raman spectra of
nanocrystalline C−(A−)S−H of which the calcium-to-silicon
ratios (Ca/Si) range from 0.8 to 1.3, Al/Si ratios range from 0
to 0.1, and synthesis temperatures range from 20 to 80 °C, as
well as that of two natural minerals: 14 Å tobermorite (Figure
1a), a calcium silicate hydrate mineral with formula
Ca5Si6O16(OH)2·7H2O often used as a model for C−S−H;
and xonotlite (Figure 1d), a calcium silicate hydrate mineral
with formula Ca6Si6O17(OH)2 that is present in concretes cast
at high temperature and oil well cement slurry40,41 and
represents an extreme case for calcium silicate hydrate minerals
in terms of low basal spacing, high degree of silica tetrahedra
polymerization, and low water content. These samples are
summarized in Table 1. In particular, we track the vibrations of
silica tetrahedra, because these display the greatest tunability
within the structure and are the stiffest elements in
C−(A−)S−H.23 We compare the experimental results with
calculated shifts in frequency with pressure using CSH-FF for a
set of structures similar to the C−S−H samples and three
crystalline samples, 14 Å tobermorite, 11 Å tobermorite, and
xonotlite. These high-pressure Raman spectra are used to learn

directly about anharmonic effects and indirectly about thermal
transport in calcium silicates. We also show how the high-
pressure Raman spectra can be used to improve calculations of
these materials’ mechanical and thermal properties.

■ METHODS
Sample Preparation. The 14 Å tobermorite specimen was

a natural specimen obtained from Crestmore, California. The
preparation and characterization for the C−(A−)S−H speci-
mens in this work can be found elsewhere.6,23,42,43 The sample
80 °C C−S−H, which is reported to be a mixture of two
crystals with interlayers 12.2 and 13.8 Å with a 5:1 relative
abundance, respectively, was treated to be homogeneous in the
12.2. Å basal spacing. The xonotlite specimen was a natural
specimen obtained from Christmas, Arizona. Note that while
the 1.3 Ca/Si C−S−H was designed in silico starting from 9 Å
tobermorite,23 we chose xonotlite as the “extreme case” of low
basal spacing and silica polymerization because it has a distinct
but similar structure to the C−S−H samples, whereas 9 Å
tobermorite has a similar structure to 1.3 Ca/Si C−S−H and
the effect of crystallinity can be understood by comparing 14 Å
tobermorite and 0.8 Ca/Si C−S−H. All samples were stored in
vacuum when not in use. The C−S−H specimens were
characterized by nuclear magnetic resonance NMR13 and high-
pressure XRD;23 the 14 Å tobermorite sample was
characterized by high-pressure XRD,44 and the xonotlite
sample was characterized by high-pressure XRD to support
this work. A summary of the samples’ mechanical properties is
given in Table S1.

Ambient Raman Spectra. Ambient Raman spectra were
recorded by loading the powders onto glass slides with care to
ensure that the glass slides did not contribute to the recorded
Raman spectra. The spectra were acquired in backscattering
geometry at room temperature with a JY-Horiba Labram
spectrometer with an 1800 groove/mm grating. A HeNe laser
(632.8 nm) provided the excitation line through an Olympus
BX41 confocal microscope, which was focused on the sample
by a 50× long working distance objective. The spot size was
less than 1 μm. For the orientation-dependent 14 Å
tobermorite spectra, a dilute suspension of 14 Å tobermorite
crystals in ethanol was prepared and dropcast onto a gold
substrate. Ethanol was chosen because the mineral is stable in
it and because ethanol evaporates quickly. Once a single 14 Å
tobermorite crystal was located, the sample was carefully
rotated so that the longest dimension of the 14 Å tobermorite
crystalthe nominal principal axiswas parallel (i.e., 0°) to
the polarization of the light.28 Five scans were recorded on the
range 0°−90° with the angle corresponding to the angle made
by the longest dimension of the 14 Å tobermorite needle
(likely corresponds to its c-axis45) with respect to the

Table 1. Description of Samples Studied in This Work

Sample Name Ca/(Si+Al) Al/Si
Synthesis

Temperature
Cross-
Linked?

natural xonotlite 1.0 N/A √
natural 14 Å tobermorite 0.83 N/A
80 °C C−S−H 1.0 80 °C
0.05 Al/Si C−A−S−H 1.0 0.05 80 °C √
0.1 Al/Si C−A−S−H 1.0 0.10 80 °C √
0.8 Ca/Si C−S−H 0.8 20 °C
1.0 Ca/Si C−S−H 1.0 20 °C
1.3 Ca/Si C−S−H 1.3 20 °C
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polarization of the light. The measurements were repeated
qualitatively for three 14 Å tobermorite crystals.
High-Pressure Raman Spectra. The specimens were

loaded into a BX90 diamond anvil cell by a standard procedure
with a pressure medium, either a 4:1 volume/volume mixture
of methanol to ethanol, or silicone oil.23 It was necessary to use
multiple pressure media so that the mineral peaks could be
observed without interference from the pressure media peaks.
The standard ruby lines R1 and R2 could not be used for
pressure measurement when measuring the minerals in this
study because the high laser power used for the calcium silicate
hydrate samples activated the ruby fluorescence, which had an
unacceptable level of convolution with the samples’ weak
Raman lines. Instead, the pressure in the diamond anvil cell
was obtained from the Raman frequency of the top diamond
culet (Figure S1). Focus on the top diamond was obtained by
first focusing on the face of the diamond open to air, then
panning down until the first feature of the gasket was in focus,
then panning up ∼0.01 mm. The pressure based on the top
diamond was calibrated by measuring the Raman frequency of
the diamond with the known pressure gauge of the ruby R1
and R2 fluorescence peaks. The obtained calibration curve
aligns with those obtained by other groups.46 Calibrating the
diamond is preferable to using a literature curve because the
shift with pressure can vary between diamond samples.46

High-pressure Raman spectra were acquired in back-
scattering geometry at room temperature with the same JY-
Horiba Labram spectrometer described above. Three scans
were obtained per sample: the first recorded the frequency
window around the diamond line while focused on the top
diamond culet, the second recorded the frequency window
around the silicate regions while focused on the specimen, and
the third was a repeat of the first frequency window while
focusing on the top diamond culet to verify that the pressure
had not changed.
Peaks were integrated with a straight-line baseline and with

the use of a 50/50 mixed Gaussian−Lorentzian function.
When calculating the least-squares regression line to determine
dω/dP [=] cm−1/GPa throughout, only points from pressures
less than 3 GPa were considered so that the error associated
with the pressure measurement and the decreased signal
intensity at higher pressure did not meaningfully impact the
results.
High-Pressure XRD. High-pressure XRD studies of 14 Å

tobermorite and C−(A−)S−H have been presented pre-
viously.6,23,44 High-pressure XRD of xonotlite was recorded at
beamline 12.2.2 at the Advanced Light Source (ALS) at
Lawrence Berkeley National Laboratory. The specimen was
loaded into a BX90 diamond anvil cell by a standard procedure
with 4:1 volume/volume methanol to ethanol pressure
medium. Hydrostatic pressure was determined by the ruby
fluorescence method.23 XRD phase analysis can be found in
previous characterization of the specimens.23 The standard
error of the fit axis compressibilities is typically less than five
percent of the axis compressibility.
Thermogravimetric Analysis. Thermogravimetric anal-

ysis (TGA) of the samples was reported previously for the
room-temperature synthesized47 and 80 °C synthesized
samples13 to determine the number of water molecules per
silicon atom for samples equilibrated at 30 °C. We fit the
existing differential TGA plots in the region 50 °C−250 °C to
two Gaussians. The curve centered near or less than 100 °C
was assigned to extragranular or gel water, and the curve

centered above 100 °C was assigned to interlayer water
molecules. However, the binding energy of the interlayer water
molecules may change as more and more are evaporated, so we
take the mass perecent of the interlayer water to be the
difference between total mass loss at 500 °C and the numerical
mass loss of the gel water. Once the mass percent of interlayer
water is determined, a mass balance with the remaining mass
determines the number of interlayer water molecules. The
values are reported in Table S2, and an example differential
TGA plot and the fit Gaussians are given in Figure S2. The
calculated values agree well with intuition; nearly all points lie
within the line bounded by 14 Å tobermorite, normal 11 Å
tobermorite, 9 Å tobermorite, and xonotlite.

Atomistic Simulations. The widely used transferrable
CSH-FF potential was used to describe interatomic inter-
actions4,18,21,48−51 for all simulations reported here. This force
field was previously used to study elastic,10,23,52 fracture,53 and
thermal properties4 as well as the molecular origins of
cohesion54−56 in C−S−H. Structures of xonotlite polytype
A-117 and tobermorite 14 Å15 are readily prepared. The three
C−S−H samples were modeled as explained in ref 23.
Molecular dynamics (MD) simulations in the NPT ensemble
were run in LAMMPS57 to obtain adequate statistics for
calculating cell parameters as a function of pressure. Vibra-
tional frequencies and modes were calculated using the exact
second derivatives of the system’s potential energy as
implanted in GULP.58,59 Similar to previous work,22 enthalpy
optimizations were carried out prior to both MD and
frequency calculations. Simulations were carried out at
different integer values of pressure from 0 to 5 GPa for
mechanical properties and frequency calculations. For MD
runs, a Nose-Hoover thermostat and barostat with a time step
of 1 fs were used. Further simulation details can be found in
the Supporting Information.

■ RESULTS AND DISCUSSION
Peak Assignments in Raman Spectra. Table 2 provides

the peak assignments at ambient pressure for the relevant

spectral regions studied in this work. CaO and SiO
deformations were not intense enough to be measured reliably
at high pressure and are not discussed. The findings are in
good agreement with previous characterization of similar
samples for xonotlite,60 tobermorite,61 and C−(A−)-
S−H.11,29,30,61
Figure 2 provides representative ambient Raman spectra of

the studied samples.
We observe three distinct peaks in the 14 Å tobermorite

spectrum at 998, 1033, and 1058 cm−1 (Figure S3), in contrast
to Kirkpatrick’s first report,61 which only reports the first at ca.
1000 cm−1. The difference is attributed to the higher purity of
our natural sample, whereas synthetic samples often contain

Table 2. Peak Wavenumbers and Assignments at Ambient
Pressure

Raman Shift (cm−1) Assignment11,29,30,61

593 xonotlite Q3 Si−O−Si bending
667−695 Q2 Si−O−Si bending
800−900 Q1 Si−O symmetric stretch
990−1040 Q2 Si−O symmetric stretch
1077 calcium carbonate
3611 xonotlite OH stretch
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small amounts of CaCO3. This is supported by our simulations
(see Movies S1−S4), which show eigenmodes very close to the
experimentally observed values (ca. 993, 996, 1031, and 1058
cm−1). The simulation results had no fitting parameters to
align the vibrational frequencies determined in silico with those
observed experimentally. Inspection of these eigenmodes
shows that all are associated with Si−O bonds and are not
necessarily located on any particular part of the structure.
There is a modest dependence of the modes’ spectral intensity
with the polarization of the incident light (Figure S4), and
thus, slight changes in the relative intensity of Si−O stretching
at elevated pressure in the crystalline phases (tobermorite,
xonotlite) could be assigned to orientation effects as we sample
different crystals in the diamond anvil cell gasket.
All C−(A−)S−H samples have a peak at ∼1010 cm−1. This

peak is assigned to all Q2 Si−O stretches (rather than bridging
or paired) because the peak intensity does not correlate with
the fraction of bridging Q2 (bridging Q2 makes up 7% of Si in
0.1 Al/Si C−A−S−H, 10−20% in C−S−H samples). Differ-
ences in the anharmonicity of this peak depend on the
chemical environment of the silica chains, especially the
interlayer, because the sheet of calcium and oxygen ions
between the silica chains in the hydrated product is essentially
isostructural for all samples.
The 80 °C C−(A−)S−H samples, and the 0.8 and 1.0 Ca/Si

C−S−H samples have signals almost entirely from Q2

tetrahedra, while the 1.3 Ca/Si C−S−H sample also has a
signal from Q1 tetrahedra, in good agreement with previous
nuclear magnetic resonance (NMR) characterizations13 which
showed Q1 populations of 10% in 0.8 Ca/Si, 38% in 1.0 Ca/Si,
and 71% in 1.3 Ca/Si. The Q3 fraction is insignificant in all
samples, including the 0.1 Al/Si C−A−S−H. In supporting
this work, we characterized the 0.05 Al/Si C−(A−)S−H
sample using a standard method,13 finding quite similar results
to the 0.1 C−(A−)S−H sample in terms of cross-linking and
Q1 population (Figure S5, Table S6).
There is modest intensity near 1070 cm−1 corresponding to

calcium carbonates in the C−(A−)S−H samples;11 thermog-
ravimetric analysis (TGA) and X-ray diffraction analyses show
that these phases make up less than 2% of the powders.23

Although this peak has previously been shown to grow
maintaining constant widthwhen the sample was exposed to
CO2, we do not expect carbonation to occur during our
analysis, because carbonation takes place over days to weeks,
whereas all samples were analyzed over the course of hours to
days while in a hermetically sealed diamond anvil cell. This
peak was deconvoluted from the analysis of the Q2 symmetric
stretch.

The peak at 3611 cm−1 in xonotlite is assigned to the O−H
bond stretch in xonotlite. No other samples showed any
intensity in this region at ambient pressure or when pressurized
up to 6 GPa in silicone oil medium. There is no evidence of
Ca(OH)2-like structures which would appear at 3620 cm−1 at
ambient pressure.11 Further, we do not observe any portlandite
peaks from HP XRD.

High-Pressure Raman Spectra. Figures S6−S13 provide
representative raw high-pressure spectra of the xonotlite, 14 Å
tobermorite, 80 °C C−S−H, 0.05 Al/Si C−A−S−H, 0.1 Al/Si
C−A−S−H, and 0.8, 1.0, and 1.3 Ca/Si C−S−H samples,
respectively, in each of the pressure media. The presence of
sharp CaCO3 peaks in the 80 °C C−S−H and 0.1 Al/Si C−
A−S−H samples is a product of sampling slightly different
portions of the sample chamber toward maximizing sample
signal, which occasionally led to sampling a volume that
contained a small amount of a crystalline CaCO3 phase. In all
samples the ambient frequencies were recovered upon
decompression. Peak widths are approximately constant over
the examined pressure range. The Q1 tetrahedral peak was not
resolvable under pressure because of low signal and overlap
from solvent peaks. There are no sharp O−H stretch
frequencies observed under ambient or hydrostatic pressure
for any samples except xonotlite. The O−H stretch frequency
in xonotlite as a function of pressure is given in Figure S14.
The high-pressure XRD results of xonotlite used to support
this work are given in Figures S15 and S16.

Interlayer Water Packing Density by Thermogravi-
metric Analysis. Figure 3 shows the basal spacings and
interlayer water contents of various crystalline materials, as well
as the same qualities of C−(A−)S−H samples obtained from

Figure 2. Ambient Raman spectra for xonotlite, 14 Å tobermorite, and calcium−(alumino−)silicate−hydrates (C−(A−)S−H) with varying
compositions.

Figure 3. Interlayer water content of the samples in this work as
determined experimentally by deconvolution of thermogravimetric
analyses.13,62 For comparison, 14 Å,18 11 Å,63 and 9 Å64 tobermorite
are also included.
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their diffraction patterns and interlayer water content as
determined by deconvolution of TGA data. Separating the
TGA spectra of the samples into a Gaussian-shaped weakly
bound “gel” water and a tightly bound interlayer water13,62

shows exceptional agreement with crystalline samples of similar
structure, with points essentially on the line between 14 Å
tobermoriterepresenting the greatest degree of hydration in
all crystalline tobermoritesand xonotlite, which represents
the fully dehyrated example. The reduced number of interlayer
water molecules in 0.8 Ca/Si C−S−H compared to 14 Å
tobermorite is a result of the increased interlayer Ca2+ needed
to charge balance the additional Q1 tetrahedra in the C−S−H.
The C−A−S−H samples require fewer water molecules to
achieve their basal spacing because of the cross-linked silicate
chains occupying the interlayer volume.
Si−O−Si Bending. The pressure dependence of the Q2

silica tetrahedra bending frequency and the associated
properties are given in Table 3. The volume change associated

with this bending vibration (eq 2) is in the bc-plane. Therefore,
the mode Grüneisen parameter is defined using the strain of
the bc-plane. The compressibility of the plane is calculated
using the compressibility in each orthogonal axis and applying
the small strain approximation. In xonotlite, the bending is in
the ab-plane for both Q2 and Q3, so the relative strain of the
ab-plane is used for normalization of both. The strain in a
plane is calculated from the compressibility of each crystal axis
as determined by separate high-pressure X-ray diffraction
experiments.6,23,44 The high-pressure Raman data points can
be found in Figure S17. There is little difference in the
anharmonicity of this mode between samples. In comparing
the C−S−H samples, the difference in the shift with pressure is
compensated by the difference in compressibility of the c-axis
so that the values are nearly the same.
Si−O symmetric stretch: Experimental and Calcu-

lated. The pressure dependence of the Si−O symmetric
stretching peaks in each sample is given in Figure S18, and the
shifts are summarized in Table 4. The mode Grüneisen
parameter was calculated for the volume change of the silica
chains. To determine the volume change with pressure, we
used the small strain assumption and combined the
compressibility in the a-axis (measured by HP XRD) and
the intralayer portion of the c-axis (estimated using CSH-
FF),23 which is approximately 350 GPa−1 for each sample.
While this normalization is not perfect, it is more meaningful
than using the bulk modulus or the compressibility of the c-axis
because the vibrational amplitude is localized on Si−O
stretches.32 Whatever errors exist in the normalization are

systematic so that the normalization affects the results in the
same way for each sample, and thus the comparisons between
samples are meaningful.
To understand the differences observed between the

samples, we turn to molecular simulations for molecular-level
insight. A series of model C−S−H molecules were generated
with varying defect concentration and interlayer water
content23 as well as xonotlite and 14 Å tobermorite. These
have approximately the same Ca/Si ratio as the C−S−H
samples but have an exaggerated water content, so they should
not be considered exact replicas of the physical samples.
Frequencies in the range of Si−O symmetric stretches were
targeted for all samples studied. If there were multiple ambient
frequencies predicted by the force field, as in 14 Å tobermorite
and xonotlite, the frequencies that were clustered nearest the
experimental ambient frequency were chosen to determine
dω/dP. See the Methods section for simulation details and
Figures S19−S23 for full vibrational data. Values are given in
Table 4.
When comparing the 14 Å tobermorite with C−S−H, we

will focus on the Q2 symmetric stretch ∼998 cm−1 because this
stretch is most easily compared with the C−S−H peak. If C−
S−H has the peaks near 1030 and 1060 cm−1, they are not
resolvable, partly because of low intensity and partly because of
overlap from the unavoidable CaCO3 peak.
Experimental and calculated Grüneisen parameters are given

as a function of water content in Figure 4. There is a clear
trend toward greater anharmonicity with increasing water
content in the interlayer, observed within both series of
experiment samples and the CSH-FF samples. The high-
pressure vibrational data show that samples with more
interlayer water molecules scatter thermal energy more

Table 3. Mode Grüneisen Parameter Pressure Shift for Q2

Bending Modes in Silica Tetrahedra. Values in Parentheses
Are Standard Error of the Fit Slope

sample ω0 (cm
−1) dω/dP (cm−1/GPa) γi (−)

xonotlite, Q2 695 1.4 (0.07) 0.3
xonotlite, Q3 (a-axis) 593 2.6 (0.08) 0.5
14 Å tobermorite44 668 2.8 (0.25) 0.3
80 °C C−S−H6 670 3.1 (0.36) 0.4
0.05 Al/Si C−A−S−H6 673 2.8 (0.41) 0.5
0.1 Al/Si C−A−S−H6 675 2.4 (0.35) 0.5
0.8 Ca/Si C−S−H23 668 3.1 (0.33) 0.3
1.0 Ca/Si C−S−H23 669 2.8 (0.28) 0.4
1.3 Ca/Si C−S−H23 671 2.2 (0.23) 0.4

Table 4. Mode Grüneisen Parameter and Related Variables
for Symmetric Si−O Stretchinga

sample ω0 (cm
−1)

dω/dP
(cm−1/GPa),

expt γi (−)

dω/dP
(cm−1/GPa),
CSH-FF

xonotlite 1070 4.3 (0.40) 0.6
xonotlite 1040 6.4 (0.25) 0.9 11.0
xonotlite 960 6.7 (0.23) 0.9
14 Å
tobermorite

1058 5.2 (0.45) 0.8 12.1

14 Å
tobermorite

1033 3.0 (0.33) 0.5 12.1

14 Å
tobermorite

998 8.0 (0.50) 1.2 10.3

11 Å
tobermorite

1040 13.3

80 °C C−S−
H6

1012 6.5 (0.42) 1.1

0.05 Al/Si
C−A−S−H6

1011 6.0 (0.72) 1.0

0.1 Al/Si
C−A−S−H6

1009 5.5 (0.44) 0.9

0.8 Ca/Si C−
S−H

1010 8.1 (0.59) 1.4 12.1

1.0 Ca/Si C−
S−H

1015 7.1 (0.80) 1.2 9.4

1.3 Ca/Si C−
S−H

1016 6.8 (0.47) 1.1 7.9

aω0 for 11 Å tobermorite is from CSH-FF. The CSH-FF calculation
of the C−S−H samples should be considered qualitative because of
the intentional differences between the physical and simulated
samples. Values in parentheses are standard errors of the fit.
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efficiently (eqs 4a, 4b). This heuristic is a roadmap toward
controlling the thermal properties of concrete by physically
separating the sheets with molecules so that even more
constituents can fill the interlayer to scatter thermal energy.
In our analysis we do not see a clear correlation between the

anharmonicity of the bending mode and the stretching mode.
However, given the existing literature of high pressure Raman
of a series of glasses36−39,65 that consistently shows that
changes in material composition result in systematic changes in
vibrational properties, the results from the symmetric stretch
can be assumed to apply to the lower-frequency modes (<600
cm−1) that are responsible for most heat transfer in C−
(A−)S−H.7 Previous work has shown that the mean free path
of phonons in C−(A−)S−H is limited by phonon−phonon
scattering. Phonon−phonon scattering by the interlayer is the
limiting phenomenon for long-wavelength phonons and
phonons propogating on Si−O bonds (see Table 2, Figure 6
of ref 4.), so interlayer-induced anharmonicity of Si−O
stretches is a reasonable proxy for anharmonicity of longer
wavelength phonons. More work is needed to study the lowest-
wavenumber “basal peak” (which requires special optical filters
to measure) because it may provide more insights into heat
transport in disordered materials.66

Our findings are in good agreement with the mesoscale
modeling of Zhang et al.,67 who measured the effective thermal
conductivity in concrete prepared with varying water-to-
cement ratios, finding that increasing the water-to-cement
ratio (which increases C−S−H basal spacing in more dilute
synthesis conditions68) decreased the concrete thermal
conductivity by 40%, an amount that cannot be explained
just using porosity differences using the Maxwell two-phase
model, as the porosity effect only accounts for half of the
difference.69 Increasing the number of interlayer constituents is
a promising design consideration for improving thermal
scattering in cement hydrates.
The simulation has poor agreement for xonotlite compared

to 14 Å tobermorite. The divergence is due to the more
covalent nature of the bonds in xonotlite. The 14 Å
tobermorite vibrations that have more covalent character (ω0
= 1033, 1058 cm−1) are not reproduced as well as the vibration

with more ionic-like character (ω0 = 998 cm−1); in fact, the
deviation is in the opposite direction from the experiment for
these covalent-like silicate symmetric stretches.
To examine whether cross-linking, rather than the absence

of interlayer water molecules, is the origin of the difference
between experimental and calculated anharmonicity in
xonotlite, we examine a Merlino 11 Å tobermorite63 simulation
cell because it has cross-linked silicates and water molecules.
The calculated mechanical properties of the a-, b-, and c- axes
are given in Figure S24a. The compressibility of the axes
compare well with other structures.23

However, the frequency of the 11 Å tobermorite silicate
stretch with ω0 = 1040 cm−1 increases much more with
pressure than any experimental sample, yielding an unreason-
able Grüneisen parameter of 1.9 (Figure S24b). We do not
have access to a physical specimen of 11 Å tobermorite, but we
can expect that it will have a mode Grüneisen parameter
between xonotlite and 14 Å tobermorite (1.2−0.9, respec-
tively), given the structural similarities. An alternate estimate
would be to use the properties of 0.05−0.1 Al/Si C−A−S−H,
which have cross-linking and a similar basal spacing to 11 Å
tobermorite. This estimate also puts its mode Grüneisen
parameter close to unity. The unreasonably high anharmo-
nicity calculated by CSH-FF for 11 Å tobermorite shows that
the nature of the cross-linked silicate chains is still effectively
electrostatic in CSH-FF, and C−(A−)S−H structures that are
cross-linked appear to be more thermally insulating in silico
than their physical counterparts.
Within the C−(A−)S−H samples, the CSH-FF simulation

reproduces the trend of increasing anharmonicity with
increasing water content (Figure 4). The slope on Figure 4
of the Grüneisen parameter with interlayer H2O is nearly the
same for experimental and CSH-FF points, vindicating the
water−CSH interactions,22 but the extrapolated intercept for
the calculated points is higher than for the experimental points,
which means that there is intrinsic anharmonicity in the Si, O,
Ca, interactions not fully captured by the electrostatic CSH-
FF. Stiffening Si−O interactions would improve transferability
to the xonotlite, 11 Å tobermorite, and the higher frequency
vibrations in 14 Å tobermorite. This calls for a reparametriza-
tion of the force field with covalent Si−O bonds explicitly
included.
Comparing the bulk modulus of the samples with the

anharmonicity of silicate stretching mode reproduces the
familiar trend that increasing strength tends to decrease
thermal scattering (Figure 5), but also provides an insight for
the design of high-strength, low thermal conductivity cements.
Moving from the blue C−(A−)S−H samples to the red C−S−
H increases strength (as bulk modulus) and thermal scattering
(as mode Grüneisen parameter). The essential difference
between the two is that the C−S−H samples’ interlayers are
full of water and charge-balancing ions, whereas the C−
(A−)S−H samples’ interlayers are full of cross-linked chains.
This is essentially the same design principle outlined above:
bulky interlayers could provide better thermal resistance and
comparable strength.

■ CONCLUSIONS
The high-pressure Raman spectroscopy of eight calcium
silicate hydrate specimens: xonotlite; 14 Å tobermorite; C−
S−H with Ca/Si ratios 0.8, 1.0, and 1.3; and C-A−S-H with
Al/Si = 0, 0.05, and 0.1 is investigated toward determining how
structural elements bestow bond anharmonicity.

Figure 4. Relationship between the silicate mode Grüneisen
parameters and water content. Samples grouped together in the
legend represent a series of aluminum content and calcium content.
Water content in silico is defined by the simulation space while water
content in physical samples is determined by crystal structure, in the
case of xonotlite and 14 Å tobermorite, and by deconvolution of
thermogravimentric data, in the case of C−(A−)S−H samples. Mode
Gruneisen error bars are ∼0.1, representing the typical standard error
of the fit slope, uncertainty from the calibration, and the standard
error of the fit mechanical properties.
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The anharmonicity of the Q2 stretching modes is found to
increase with increasing interlayer H2O/(Si+Al), and this
phenomenon is also observed in atomistic simulations of these
materials. The interlayer constituents physically separating the
sheets increase thermal scattering, and we expect that other
interlayer constituents will have a similar effect commensurate
with their size. Therefore, we suggest C−(A−)S−H
architectures that will incorporate a greater volume of
interlayer constituents, for example, with siloxanes70 or
compatible polymers,71−73 that will sterically hinder the
opposing layers from approaching. Further characterization,
such as thermal conductivity measurements and high-pressure
Raman spectroscopy of low-energy vibrations (especially near
the Boson peak4) is needed to explore this relationship further.
There is a curious problem with cross-linked silicate samples

in CSH-FF. Experimentally, we know that cross-linking
reduces the anharmonicity through the Al/Si series (blue,
Figure 5). This makes physical sense: a cross-linked structure
uses opposing bridging Si−O−Si or Si−O−Al, which is a
classic covalent interaction, whereas a non-cross-linked
structure balances the bridging tetrahedron with a calcium
ion, which is an electrostatic interaction. However, in CSH-FF
the cross-linked samples of xonotlite and 11 Å tobermorite
appear to be the most anharmonic of all, with the silicate
stretching mode Grüneisen parameter of nearly two in each
calculation, in contrast to experimental values near unity. The
case of cross-linked samples highlights the need to optimize
the Si − O interaction in a force field. We propose that the Si−
O potential could be optimized toward the anharmonicity
observed here, especially for the 14 Å tobermorite and/or the
xonotlite sample, without affecting the other interatomic
potentials. One possible approach is to incorporate functional
forms capable of modeling the observed anharmonicity (e.g.,
the Morse potential74) in addition to the existing nonbonded
and bonded potentials in the force-field. Some fitting would be
required to obtain parameters for the new interactions and
fine-tune the existing ones.
High-pressure Raman spectroscopy is demonstrated to be a

useful tool for providing chemical bond-level information
about the mechanical and thermal properties of nanocrystalline
cement minerals. The technique could be used to provide
molecular-level understanding of how composite materials in
cements (incorporating, e.g., polymers,71−73 graphene
oxide,75,76 organosilanes,70 cenospheres77) influence the
mechanical and thermal properties of cements toward the

development of concretes with reduced environmental impact
worldwide.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04563.

Mechanical properties of all samples, calibration of the
pressure standard, example of fit curve for TGA analysis
and fit parameters for TGA analysis, details for atomistic
simulations, 29Si NMR characterization results, higher-
resolution Raman spectra of 14 Å tobermorite crystal(s),
high pressure Raman spectra of all samples, xonotlite
OH peak position, CSH-FF xonotlite simulation, HP
XRD xonotlite results, Raman peak position vs pressure
for all samples, vibrational energy shift with pressure as
calculated by CSH-FF, and CSH-FF calculations of 11 Å
tobermorite cell parameters and vibrational properties
(PDF)
Movie of simulation cell for the lattice vibration at 993
cm−1 (MOV)
Movie of simulation cell for the lattice vibration at 996
cm−1 (MOV)
Movie of simulation cell for the lattice vibration at 1033
cm−1 (MOV)
Movie of simulation cell for the lattice vibration at1058
cm−1 (MOV)

■ AUTHOR INFORMATION
Corresponding Author

Carlo Carraro − University of California Berkeley, Deparment of
Chemical and Biomolecular Engineering, Berkeley, California
94720, United States; orcid.org/0000-0002-3482-9226;
Phone: (510) 643-3489; Email: Carraro@berkeley.edu

Authors
David W. Gardner − University of California Berkeley,
Deparment of Chemical and Biomolecular Engineering,
Berkeley, California 94720, United States; orcid.org/0000-
0001-9351-8391

Jiaqi Li − University of California Berkeley, Department of Civil
and Environmental Engineering, Berkeley, California 94720,
United States; orcid.org/0000-0003-4863-6641

Ali Morshedifard − Department of Civil and Environmental
Engineering, Henry Samueli School of Engineering, University of
California Irvine, Irvine, California 92697, United States

Saeed Masoumi − Department of Civil and Environmental
Engineering, Henry Samueli School of Engineering, University of
California Irvine, Irvine, California 92697, United States

Mohammad Javad Abdolhosseini Qomi − Department of
Civil and Environmental Engineering, Henry Samueli School of
Engineering, University of California Irvine, Irvine, California
92697, United States; orcid.org/0000-0001-6911-0994

Paulo J. M. Monteiro − University of California Berkeley,
Department of Civil and Environmental Engineering, Berkeley,
California 94720, United States; orcid.org/0000-0002-
6866-1783

Roya Maboudian − University of California Berkeley,
Deparment of Chemical and Biomolecular Engineering,
Berkeley, California 94720, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.0c04563

Figure 5. Bulk modulus of samples as determined experimentally, by
high-pressure X-ray diffraction, and calculated, by CSH-FF, versus the
experimental and calculated silicate symmetric stretching anharmo-
nicity. Series of similar samples are connected by gradient lines.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c04563
J. Phys. Chem. C 2020, 124, 18335−18345

18342

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04563?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04563/suppl_file/jp0c04563_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04563/suppl_file/jp0c04563_si_002.mov
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04563/suppl_file/jp0c04563_si_003.mov
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04563/suppl_file/jp0c04563_si_004.mov
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04563/suppl_file/jp0c04563_si_005.mov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlo+Carraro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3482-9226
mailto:Carraro@berkeley.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+W.+Gardner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9351-8391
http://orcid.org/0000-0001-9351-8391
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiaqi+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4863-6641
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ali+Morshedifard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saeed+Masoumi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Javad+Abdolhosseini+Qomi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6911-0994
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paulo+J.+M.+Monteiro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6866-1783
http://orcid.org/0000-0002-6866-1783
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roya+Maboudian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04563?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04563?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04563?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04563?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04563?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c04563?ref=pdf


Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Prof. Garbev for the 14 Å tobermorite sample, and
Prof. Barbara Lothenbach for the synthetic C−(A−)S−H
samples that were synthesized by Rupert J. Myers and Emilie
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