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The behavior of water dynamics confined in hydrated calcium silicate hydrate (C-S-H) gel has been
investigated using broadband dielectric spectroscopy (BDS; 10−2–106 Hz) in the low-temperature
range (110–250 K). Different water contents in C-S-H gel were explored (from 6 to 15 wt%) where
water remains amorphous for all the studied temperatures. Three relaxation processes were found by
BDS (labeled 1 to 3 from the fastest to the slowest), two of them reported here for the first time. We
show that a strong change in the dielectric relaxation of C-S-H gel occurs with increasing hydration,
especially at a hydration level in which a monolayer of water around the basic units of cement
materials is predicted by different structural models. Below this hydration level both processes 2 and
3 have an Arrhenius temperature dependence. However, at higher hydration level, a non-Arrhenius
behavior temperature dependence for process 3 over the whole accessible temperature range and, a
crossover from low-temperature Arrhenius to high-temperature non-Arrhenius behavior for process
2 are observed. Characteristics of these processes will be discussed in this work. © 2011 American
Institute of Physics. [doi:10.1063/1.3521481]

I. INTRODUCTION

Cements are one of the most used and most valuable ma-
terials in the word.1, 2 When water is added to the cement
grains, a myriad of chemical reaction takes place to produce
a solid skeleton called cement paste that evolves over time.
This cement paste can be viewed as a composite in which
calcium hydroxide (portlandite) crystals, aluminates, and
nonreacted cement powders are embedded into an amorphous
nanostructured hydration product, the so-called calcium sil-
icate hydrate (C-S-H) gel.3 From all the constituents, the
major and most important one is precisely the C-S-H gel,
since most of the properties of cementitious materials cru-
cially depend on it. The C-S-H gel (the main component of
white cement and ordinary Portland cement) has a variable
stoichiometry with a general formula CxSHy, where C=CaO,
S=SiO2, H=H2 O (this notation is commonly used by the ce-
ment chemistry community). Its water content (y) clearly de-
pends on the specific relative humidity conditions, and there-
fore on the drying or wetting state. The calcium to silicon
ratio (C/S=x) can range from 1.2 to 2.1, though most of the
studies3–5 report values consistent with a C/S = 1.7.

Although the actual structure of C-S-H has not been fully
resolved yet, several microstructural models have been pro-
posed in the past to describe the structure of C-S-H gel as
well as the formation of gel and capillary pores. The early
work of Powers and Brownyard6–8 proposed that the C-S-H
gel is composed of particles that have a layered structure ar-
ranged randomly and bonded together by surface forces as

a)Author to whom correspondence should be addressed. Electronic mail:
scerveny@ehu.es.

in clays. Later Feldman and Sereda9 improved this model by
considering that the sheets composing the C-S-H gel do not
have an ordered layered structure but they are rather an ir-
regular array of single layers in which water molecules are
structurally incorporated in the C-S-H structure. These sur-
faces are covered by hydroxyl groups which are able to estab-
lish hydrogen bonds with the surrounding water molecules.
In fact, Sereda10 in 1980 classified the water contained in ce-
ment pastes into three types: (1) chemically bound water (also
called nonevaporable), is chemically bound to cement parti-
cles and becomes part of the cement gel; (2) physically bound
water (also called chemisorbed water) occupies the gel pores;
and (3) free water is water inside the capillary pores. We have
to note that a similar water classification has been also used
for other complex systems such as proteins or deoxyribonu-
cleic acid (DNA).11 Finally, we put special emphasis on the
most recent colloidal model (CM) proposed by Jennigs,5, 12, 13

since it can explain most of the experimental results reported
in the literature regarding to hydrated cement. According to
this model, the basic unit of C-S-H is a colloidal particle
(globules) having a size of about 4 nm with a layered internal
structure [in agreement with other models in the literature (see
Refs. 14–18, and 19)]. During hydration, these globules form
clusters to produce a porous structure with two different char-
acteristic lengths: small gel pores (dimensions 1–3 nm) and
large gel pores (dimensions 3–12 nm). Consequently, during
the cure reaction water can be located in different confine-
ment lengths ranging from 1 to 12 nm. Although, small-angle
neutron scattering (SANS) measurements are consistent with
particles of ∼4 nm C-S-H features,5 the existence of the glob-
ules in C-S-H gel is not experimentally probed. In this sense
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recently,20 x-ray scattering measurements with synchrotron x
rays on synthetic C-S-H seem to reveal a nanocrystalline or-
der with a particle diameter in the range of 3.5 nm. Regardless
of the model considered, the structure of C-S-H gel is highly
complex and comprises pores of different sizes in which wa-
ter molecules can be located. To probe the state of water
in C-S-H gel, diverse experimental techniques were used in
the literature such as nuclear magnetic resonance (NMR)21–23

and neutron scattering (NS).23–25 In particular, analysis of
hydrated C-S-H gel by 1H (proton) NMR time, which is sensi-
tive to water dynamics, has shown three components of hydra-
tion water in cement pastes (free water, water adsorbed into
hydration products, and located within hydrates), in agree-
ment with most of the structural models. In addition, and
also to analyze the distribution of water molecules in this
complex material, several researchers26–30 have studied the
dielectric response of cement-based materials mainly in the
high-frequency range (104–109 Hz) but also in the low-
frequency range31 (10−2–106 Hz) at room temperatures or
higher. However, to our knowledge, dielectric studies at sub-
zero temperatures are missing in the literature.

On the other hand, the dynamics of water in confined ge-
ometries is one of the great challenges that has always fas-
cinated the scientific community due to its significant reper-
cussion in several fields of biological, chemical, and physical
sciences. From this point of view, it is relevant to know how
water dynamics is modified by the presence of different envi-
ronments. In particular, the dynamics of supercooled confined
water is one of the hot topics in the physics of condensed mat-
ter as revealed by several publications, contradictory results,
and the lack of a coherent frame in the last years.32–35

In this work, we have analyzed the hydration level depen-
dence of water dynamics in hydrated C-S-H gel by means of
broadband dielectric spectroscopy (BDS) at low temperatures
(110 to 250 K). This technique is appropriate for the study
of water dynamics mainly due to its sensitivity to the high
dipolar moment of water molecules. As we will show in this
contribution, increasing water content has significant conse-
quences on the supercooled water dynamics in this system.
We found a deep change in the water dynamics, especially
when crossing the concentration where one water monolayer
covers the surface of C-S-H gel.

II. EXPERIMENTAL

C-S-H samples were prepared by hydration of pure trical-
cium silicate (C3 S). Sample preparation consisted of mixing
5 g of C3 S with 1400 g of distilled water. The great water
to C3 S ratio used served to maintain calcium concentration
in the solution low enough to prevent portlandite precipita-
tion, but without affecting the formation of the C-S-H gel.
In addition, water had been previously boiled and the result-
ing dispersion was sealed in a container to avoid carbonation.
After 39 days of continuous stirring at room temperature, the
dispersion was filtered and the obtained solid was dried in
an oven at 60 oC for an hour. The resulting C-S-H gel had a
water content (cw, expressed as grams of water/grams of dry
cement) of cw = 28 wt. %.

TABLE I. Activation energy Ea and pre-exponential factor (log (τ o[s]) cor-
responding to process 2 and 3 for data in Figs. 5 and 6.

Process 2 Process 3

Sample cw [wt. %] log (τ o[s]) Ea [eV] log (τ o[s]) Ea [eV]

CSH-06 6.25 − 16.9 ± 0.1 0.37 ± 0.02 −13.2 ± 0.1 0.52 ± 0.02
CSH-09 9.75 −17.3 ± 0.1 0.39 ± 0.02 −13.6 ± 0.1 0.54 ± 0.02
CSH-11 11.00 −16.5 ± 0.4 0.39 ± 0.02 −15.1 ± 0.2 0.54 ± 0.02
CSH-15 15.10 −17.0 ± 0.2 0.43 ± 0.02 − −

Immediately after, different hydration levels were
reached by drying the samples at 100 ◦C in a vacuum oven.
This temperature allows water evaporation without structural
damage. In Table I, final water content determined by both
thermogravimetry measurements and directly weighting the
samples is shown. The samples were labeled as CSH-06,
CSH-09, CSH-11, and CSH-15, indicating the water content.

Broadband dielectric spectroscopy is a technique based
on the interaction of an external field with the electric dipole
moment of the sample.36–38 With this technique it is possible
to study the molecular dynamics in a broad frequency (10−6

to 10+11 Hz) and temperature range. The fluctuations of lo-
cal electrical fields are measured and they can be connected
to the dynamics on a molecular scale. To perform a dielec-
tric measurement, the sample is placed between two metal-
lic electrodes which form a capacitor. For parallel-plate con-
figuration, the sample capacitance is expressed as C = ε d/A,
where ε is the dielectric permittivity of the sample, A is the
sample surface area, and d its thickness. The material proper-
ties are characterized by the complex dielectric permittivity,
ε*, which is defined as ε*(ω) = C*(w)/Co = ε´(ω) – i ε´´(ω),
where Co is the capacitance of the free space.

A broadband dielectric spectrometer, Novocontrol Alpha
analyzer, was used to measure the complex dielectric func-
tion, ε*(ω) = ε´(ω) – i ε´´(ω), ω = 2π f, in the frequency (f)
range from f = 10−2 Hz to f = 106 Hz. The samples were
placed between parallel gold-plated electrodes with a diame-
ter of 30 mm and the thickness was about 0.4 mm. Isother-
mal frequency scans recording ε*(ω) were performed every
5 degrees over the temperature range 110–300 K. Sample
temperature was controlled by a nitrogen gas flow with sta-
bility better than ± 0.1 K. In addition, the sample CSH-06
was further dried directly in the dielectric cell cryostat at
120 ◦C for 1.5 h and measured again with the same protocol
as the samples above.

Standard calorimetric measurements [differential scan-
ning calorimetry (DSC)] were performed by means of a
Q2000TA Instrument using cooling and heating rates of
10 K/min. Hermetic aluminum pans were used for all the ma-
terials. The sample weights were about 10 mg.

Finally, thermogravimetric analysis was done by using
a TGA-Q500 (TA Instruments). All the measurements were
conducted under high-purity nitrogen flow over a temperature
range of 30–800 ◦C with a ramp rate of 10 K/min.

III. RESULTS

Water behavior inside the structure of C-S-H gel was first
characterized by DSC. No crystallization at all (on cooling
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(a)

(b)

(c)

FIG. 1. (a) Three-dimensional plot of the frequency and temperature depen-
dence of the dielectric permittivity ε′′(ω) for the sample CSH-11. Two pro-
cesses (2 and 3) are clearly observed on the dielectric spectra for the differ-
ent temperatures. (b) Dielectric loss spectra of CSH-11 measured at different
temperatures (110, 120, 140, 150, and 160 K); (c) Dielectric loss spectra of
CSH-11 measured at temperatures from 180 K to 260 K each 5 K. Process
1, 2, and 3 denotes the three dielectric processes observed. The solid line
through the data points represents the fits to the experimental data. In (b)
dotted line represents the relaxation corresponding to process 1 whereas the
dashed-dotted line represents process 2.

or heating) is observed for all the samples analyzed in this
work and therefore water remains amorphous in the whole
temperature range analyzed. Repeated cooling/heating scans
up to a temperature of 100 ◦C gave reproducible DSC signals
indicating that the structure of C-S-H gel was not damaged
by either freezing at 110 K or heating up to 373 K. In addi-
tion, although samples with water concentration higher than
15 wt. % will not be analyzed in this work, we mention that
already at 17 wt. % a small exothermic peak on cooling is
observed in the calorimetric measurements, indicating water
crystallization from this water content.

FIG. 2. Dielectric loss spectra at a fixed temperature (110 K) of CSH-06
(open symbols) and the sample further dried at 120 ◦C (full symbols). Process
2 vanishes by drying at 120 ◦C whereas process 1 remains in the dielectric
spectra.

Figure 1(a) shows a three-dimensional plot of the fre-
quency and temperature dependence of the dielectric permit-
tivity ε′′(ω) for the sample CSH-11. In addition, the same set
of data is also represented as function of frequency at differ-
ent temperatures [Fig. 1(b): 110 to 160 K and Fig. 1(c): 170
to 250 K)]. Although only two processes are clearly seen in
Fig. 1(a), we have noticed that to fit the loss spectra at low
temperatures [(Fig. 1(b)] we needed an extra process at high
frequencies. This process is only slightly resolved in the di-
electric spectra since the more prominent process 2 masks
its presence. By drying the samples at higher temperature
(120 ◦C) most of the water molecules can be evaporated.
This further drying allows resolving unequivocally process 1.
Figure 2 shows the comparison between the dielectric loss for
sample CSH-06 and the same sample dried at 120 ◦C during
1.5 h. After drying, process 1 is clearly resolved in the dielec-
tric window and its relaxation times can be well evaluated. As
we will see below, we can take advantage of this observation
when fitting the dielectric spectra at different water concentra-
tions. Therefore, we conclude that the dielectric response of
C-S-H gel has to be decomposed in three dielectric relaxation
processes (labeled from the faster process 1 to the slower pro-
cess 3).

Since all the dielectric processes in C-S-H gel are sym-
metric, to fit the imaginary part of the dielectric permittivity at
the different temperatures and water concentrations we have
used the superposition of three Cole–Cole (CC) functions,39

ε∗(ω) = ε∞ +
3∑

j=1

�ε j

[1 + (iω τ j )a j ]
− i

σ

ε0ωs
, (1)

each one related with the three processes observed in
Figs. 1(a)–1(c). In Eq. (1) σ /ωs is a generalized conductiv-
ity contribution, αj is the shape parameter that determines
the symmetric broadening of the relaxation peak (0 < α

≤ 1), �εj = εs – ε∞, is the relaxation strength, ε∞ and εs

are the unrelaxed and relaxed values of the dielectric constant,
τ j is a characteristic relaxation time, and ω is the angular fre-
quency. However, as mentioned above, process 1 is masked by
the high-frequency flank of process 2 and therefore the relax-
ation times corresponding to this process are difficult to deter-
mine by a completely free fitting procedure. To overcome this
problem, the relaxation times corresponding to process 1 were
fixed to those obtained from the data analysis of the sample
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FIG. 3. Frequency-dependent losses of the complex dielectric permittivity,
ε*(f), of the sample CSH-15 at three different temperatures 130 K (a), 145 K
(b), and 195 (c). The solid line through the data points is a least-square fit to
a superposition of the imaginary part of three Cole–Cole functions for pro-
cesses 1, 2, and 3 (see text). Dotted, dashed, and dashed-dotted lines represent
the relaxation corresponding to process 1, 2, and 3, respectively.

dried at 120 ◦C (shown in Fig. 2). Thus the overall dielec-
tric spectra were described by Eq. (1), where all the parame-
ters were free except τ 1 which was fixed as explained above.
Figures 3(a)–3(c) show an example of this fitting proce-
dure for the sample CSH-15 at three different temperatures
[T = 130, 145, and 190 K in Figs. 3(a)–3(c), respectively].

The relaxation strength (�ε) corresponding to each of
these processes [see Eq. (1)] is temperature independent but
obviously affected by the amount of water. In Figs. 4(a) and
4(b) average values of �εi were plotted as a function of cw. In
all the cases, a clear increase with water content is observed.
In Fig. 4(b), the value of �ε1 for the sample dried at 120 ◦C is
also included. This sample is taken as a reference and thereby
assigned to cw ≈ 0 wt. %. In addition, processes 2 and 3 from
this sample cannot be detected and therefore we also set �ε2

and �ε3 = 0 when cw ≈ 0 wt. %.
The temperature dependence of the relaxation times for

the different samples and processes are shown in Figs. 5(a)–
5(d). The relaxation times follow different behaviors depend-
ing on the water content of the samples. At water concen-
tration lower than 10 wt. % all the processes (1 to 3) follow
an Arrhenius behavior in the whole temperature range ana-
lyzed. However, at water concentration of 11.0 wt. %, pro-
cess 2 slightly departs from the Arrhenius behavior at a tem-
perature about 140 K [see Fig. 5(c)]. Moreover, at a higher
water concentration (15 wt. %), process 3 is evidently non-
Arrhenius whereas process 2 presents a clear crossover from
high-T non-Arrhenius to low-T Arrhenius behavior at a tem-
perature of Tcross = 145 K. In the range where the relax-
ation times show an Arrhenius-like temperature dependence
[τ=τ 0 exp(Ea/kT)], the activation energies, Ea, and log(τ 0)

FIG. 4. (a) Average dielectric strength [�ε3 in (a) and �ε1, �ε2 in (b)] for
processes 1 to 3 observed in C-S-H gel as a function of water content. The
dielectric strength increases with water concentration, indicating that water
molecules are involved in all the dielectric processes observed. In (b) the
point at cw = 0 wt. % represents the relaxation strength for process 1 of the
sample dried at 120 ◦C (although some water content different from zero is
expected for this sample).

were calculated. Both values are shown in Table I for pro-
cesses 2 and 3, respectively. For process 1 (not included
in the table), the activation energy is Ea = 0.20 eV and
log(τ 0) = −13.00 s.

Finally, Fig. 6 shows the comparison of the relaxation
time for the slowest process 3 [Fig. 6(a)] and the intermedi-
ate process 2 [Fig. 6(b)] for the different water content. Note
that although both processes 2 and 3 seem to be originated by

FIG. 5. Temperature dependence of the relaxation time τ (T) for C-S-H sam-
ples analyzed in this work. All three processes (1 to 3) have an Arrhenius
temperature dependence at low water content [see (a) and (b)]. In (d) process
2 shows a slight crossover at 145 K whereas process 3 has Vogel–Fulcher–
Tamman temperature dependence. The lines are fits according to the Arrhe-
nius or VFT equation (see text).
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FIG. 6. Comparison of the temperature dependence of the relaxation time
τ (T) for process 3 [in (a)] and process 2 [in (b)] at the different water contents
analyzed in this work.

water molecules (as �ε increases in a linear way with water
content, see Fig. 3) process 3 becomes faster with increasing
water concentration, whereas process 2 becomes slower with
increasing hydration level. This disparate behavior (between
process 2 and 3 with hydration level) indicates that each pro-
cess is originated from water molecules in different environ-
ments of the samples.

IV. DISCUSSION

As mentioned in the Introduction, the precise structure
of C-S-H is still under debate. However, most of the cur-
rent models represent C-S-H gel as made of tiny solid par-
ticles with water trapped in the nanopore network. The sur-
face of these pores of variable size is covered by hydroxyl
groups coming from both silanol (SiOH) and Ca(OH) groups.
In addition to the surfaces, and due to the nature of C-S-H
gel, nanometric interparticle holes are pools where water can
be located. The size and shape of both particles and chan-
nels where water can be located varies from 1 to 100 nm.
In a recent study40 on cement pastes by means of DSC and
near-infrared spectroscopy, two main populations of water
molecules were found. Water molecules were predominantly
located in the small gel pores (1–3 nm) whereas a lesser quan-
tity was located in the large gel pores40 (3–12 nm). Although
the water content analyzed in Ref. 40 is higher than in our
case (because our water content is lower than the threshold of
crystallization), both systems are rather similar.

The fact that the dielectric strength of the processes ob-
served in hydrated C-S-H gel increases with water concen-
tration evidences that they are related with the water dipole
reorientation. In addition, activation energies corresponding
to processes 2 and 3 are consistent with the corresponding
water processes in other systems such as water in hard or
soft confinement.41–46 Moreover, by further drying the sam-
ples at 120 ◦C, processes 2 and 3 vanish from the dielec-

tric spectra, indicating that the origin of these processes is
water, which can be evaporated at high temperatures. On the
contrary, process 1 remains in the dielectric spectra although
its intensity diminishes. By additional drying (up to 300 ◦C,
data not shown in this paper), the relaxation strength further
falls but this process still remains in the dielectric spectra.
This fact suggests that the origin of process 1 can be related
with some molecular movement of the C-S-H itself (likely
OH groups) coupled with water molecules since its dielectric
strength increases with increasing water concentration. There-
fore this relaxation corresponds to the fluctuation of Si(OH)
or Ca(OH) groups on the surface of C-S-H gel affected by
water molecules.47 However, more studies are necessary to
probe this hypothesis and therefore this process will not be
discussed further in the present paper.

Summarizing, we can conclude that water molecules are
involved in all the dielectric processes observed in C-S-H gel.
Our results are also supported in part by other works in the
literature49–51 that overlap in temperature/frequency with pro-
cess 3 (note that processes 1 and 2 were not previously re-
ported). With this picture in mind, in the following we will
only discuss the water related processes 2 and 3 observed in
C-S-H gel at different hydration levels reached by progres-
sively dehydrating the samples.

A. Water dynamics at low hydration level
(cw < 10 wt. %)

As mentioned above, the temperature dependence of the
relaxation times corresponding to processes 2 and 3 at low
water content (cw ≤ 10 wt. %) follows an Arrhenius behavior
over the entire temperature range [see Figs. 5(a) and 5(b)]. It
should be noted that the formation of one water monolayer on
the pore walls is detected by means of adsorption curves dur-
ing dehydration8, 52 at a water content of about 10 wt. %. Con-
sequently we can conclude that when less than one monolayer
of water is present on the surface of gel C-S-H, the dielec-
tric processes 2 and 3 both show an Arrhenius temperature
dependence.

The observation of an Arrhenius behavior at low hydra-
tion levels is in agreement with that observed in water solu-
tions of other hydrophilic systems at cw < 30 wt. % (solu-
tions of synthetic polymers) and cw < 20 wt. % (sugars- or
low molecular weight glass formers–water solutions).41, 48, 53

At these low water concentrations, few hydrogen bonds are
established by water molecules (i.e., no tetrahedrically hydro-
gen bound water molecules or big water clusters exist) and
the relaxation times show Arrhenius behavior over the entire
temperature range. Additionally, the relaxation spectra corre-
sponding to processes 2 and 3 are also broad and symmetric.
All these characteristics together with the Arrhenius-like tem-
perature dependence of its relaxation times are typical fea-
tures of secondary relaxations in glass-forming systems and
they were also observed in previous works on confined water
dynamics.54–56

Let us now focus on process 2. The activation energy
corresponding to this process is on average 0.38 eV (see
Table I). This energy value is similar to that found for wa-
ter in several hydrophilic solutions at low hydration level and
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for water in the first hydration shell of protein–water systems.
Moreover, this energy value is lower than that associated with
the dielectric reorientation of water molecules having a large
mean number of hydrogen bonds (0.54 eV).41 Therefore, wa-
ter molecules in C-S-H gel contributing to process 2 at this
low hydration level are not involved in a network with a high
number of hydrogen bonds per water molecule. Instead, these
water molecules establish a small number of hydrogen bonds
with the hydrophilic groups at the surface of the C-S-H gel.
It is worth mentioning that a dielectric spectroscopy study of
a elastomer filled with silica particles with low Si(OH) con-
tent reported that one of the relaxation processes (called SP1
in Ref. 57) is due to adsorbed water forming hydrogen bonds
with the silanol groups in the surface of the particles. This
process is quantitatively similar to our process 2 for the sam-
ple CSH-06.

Now we will concentrate on process 3. This process is
significantly slower than process 2 and therefore it arises from
the reorientation of a different population of water molecules.
Its activation energy (roughly 0.52 eV, see Table I) corre-
sponds with that of water molecules involved in the breaking
of more than one hydrogen bond. However, the dynamical re-
sponse is still Arrhenius and therefore the water molecules
are not involved in cooperative motions. Therefore a scenario
where water molecules responsible of process 3 are connected
by more than single hydrogen bond (i.e., water molecules
form small clusters) is consistent with our results.

Summarizing, at cw < 10 wt. % two populations of water
molecules are present in the samples. Process 2 is compatible
with “bounded” water molecules, whereas process 3 is com-
patible with “small clusters” of water molecules.

B. Water dynamics at high hydration level
(cw >10 wt. %)

Now we focus on the water dynamics of samples with
water content higher than 10 wt. %. At this hydration level,
profound dynamical changes are observed in both processes
2 and 3 with respect to the low hydration level.

First of all we focus on process 2. In contrast with the
results at low water content, the temperature dependence
of its relaxation time at cw = 11 wt. % shows a departure
from the Arrhenius behavior at about (140 ± 5) K [see
Fig. 5(c)]. At the highest water concentration investigated a
clear crossover is observed at T = 145 K [see Fig. 5(d)]. The
change in the behavior of the relaxation times around 145 K
can be well accounted by describing the high-temperature
data using a Vogel–Fulcher–Tamman equation58 (VFT)
τα = τ0 exp (D T0/T − T0) with the following parameters:
τ o = −11.03 s, To = 95.9 K, and D = 10.6 [see Fig. 5(d)].

In previous works, some of us interpreted the exis-
tence of such crossover from high temperature VFT to
low–temperature Arrhenius with confinement effects.41, 43, 48

Similar finite size effects on the dynamical behavior of the fast
component of miscible polymer blends, low molecular weight
glass formers/polymers blends or low molecular weight glass
formers in soft confinements,59–61 are usually observed for
confinement size (d) of d = 1–3 nm. In particular for wa-
ter molecules, confinement effects were previously observed

for water in graphite oxide43 (d <1 nm), water in molec-
ular sieves62 (d = 1 nm) and water in MCM-41 (Ref. 32)
(d ≈ 1–3 nm) as well as in molecular dynamics simulations of
water in hydrophilic silica surfaces63 where confinement de-
pendent profiles for the dynamical properties were observed at
d < 0.6 nm. In the framework of these ideas, water molecules
responsible for process 2 are likely located in small gel pores
and therefore finite size effects on its dynamical behavior can
be noticed.

In order to define a maximum value of the pore size
where water molecules are confined in C-S-H gel, we can ob-
tain some extra information from atomistic simulation for wa-
ter on the surface of tobermorite.64 In this case, the size of a
water monolayer on a single surface is roughly 0.3 nm. Tak-
ing into account that a pore has to be considered as two single
surfaces and that as long as we exceed the water content of
a monolayer (at 10 wt. %) we observe crossover effects on
the dynamical response, the size of our pores should be about
1 nm. In agreement with this observation, atomistic simula-
tions on C-S-H gel by Dolado et al.65 have shown that the
width of water layer at 15 wt. % is ∼0.35 nm. Therefore we
can conclude that the size of the pore with water contributing
to process 2 should be about 1 nm.

As mentioned above, the appearance of the crossover on
the water dynamics at 145 K, takes place at the same wa-
ter concentration as the formation of one water monolayer
on the pore walls.52 Therefore we can conclude that more
than one monolayer of water is a necessary condition for the
observation of a crossover in the temperature dependence of
the relaxation times corresponding to process 2. Interestingly,
in previous studies of water on rutile (TiO2 nanoparticles)
from quasielastic neutron scattering (QENS) experiments and
molecular dynamic simulations, Mamontov and co-workers66

have observed the absence of a crossover below one mono-
layer covering the particle surface. Note that the water relax-
ation observed in these systems is qualitatively similar to the
process 2 showed in this work.

Now we turn to process 3. This process also evidences
a change in the temperature dependence at a threshold of
10 wt. % from an Arrhenius behavior (at low water con-
tent) to non-Arrhenius behavior on the whole temperature
range (at high water content). However, no crossover on the
T-dependence of the relaxation time was observed at fixed
water content. Instead, the T-dependence of the relaxation
times corresponding to process 3 at the highest hydration level
[Fig. 5(d)] has a non-Arrhenius behavior which can be fit-
ted with a single VFT equation58 on the entire temperature
range, giving τ o = −11.7, To = 70 K, and D = 42. Note that
the VFT parameters are significantly different from those ob-
tained for process 2. From D and To, a value of the fragility
parameter m = 25 is obtained. The fact that the T-dependence
of the relaxation times follows VFT temperature dependence
is typical of glass-forming systems and of supercooled liq-
uids of cooperative nature. In other words, as soon as more
than one monolayer is detected, water molecules are able
to perform cooperative motions as observed in the dielec-
tric response. The obtained value for the fragility parame-
ter, m, suggests that water involved in process 3 behaves as
a relatively strong glass former67 in this temperature range.
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Nevertheless, despite the non-Arrhenius behavior of this pro-
cess, we have to mention that no calorimetric signature of a
corresponding glass transition was observed by DSC. How-
ever, we cannot decide whether there is no glass transition
related to this process or if the quantity of water molecules
involved is not enough to observe such a process by con-
ventional DSC. Finally, we wonder about the absence of a
crossover in process 3. In the framework of the idea of con-
finement effects, water molecules responsible for process 3
should be located in pores large enough to avoid finite size ef-
fects. From the previous discussion, these small water clusters
could be located in relatively large pores.

Summarizing, we can conclude that each process
(2 and 3) represents the relaxation of water molecules local-
ized in different pores of the samples. We attribute the slowest
relaxation (process 3) to the collective behavior of clusters of
water molecules inside the relatively large pores whereas pro-
cess 2 is attributed to water in the small pores (<1 nm). This
view is in agreement with the work of Ridi et al.40 and Snyder
and Bentz,68 where two populations of water molecules were
also estimated from the crystallization detected by means of
DSC in highly hydrated cement based materials.

C. Relation of the dielectric relaxation processes
with the cement structure

In this section, we will center the discussion on those
aspects related to the cement structure and the state of hy-
dration water. As a starting point, two important and rather
established facts should be mentioned: (i) the nanostructure
of hydrated cement pastes comprises small (<3 nm) and
medium (∼10 nm) size pores where water can be located,52

and (ii) a monolayer of water completely cover the cement
paste surface at a relative humidity of 11% (approximately
10 wt. %).

Information on the dynamic properties of water confined
in C-S-H gel has been obtained with broadband dielectric
spectroscopy in the temperature interval 110–250 K. We were
able to distinguish three different relaxation processes related
to water in 39 day hydrated C3S samples. In the follow-
ing, the characteristics of these relaxations will be separately
addressed.

The temperature and water concentration dependence of
process 2 gives important information about the nature and
location of this type of water in hydrated C-S-H. The pres-
ence of confinement effects (manifested as a crossover in the
temperature dependence of the relaxation times) at high wa-
ter concentrations indicates that as long as different water
molecules start to accumulate, they “feel” the presence of a
boundary constraint. This implies that water responsible for
process 2 is located in pores of nanoscopic scale and consid-
ering previous studies on confined water, confinement sizes
should be on the order of few nanometers. Moreover, taking
into account that the crossover behavior sets up for water con-
centrations above that of a monolayer64, 65 and that a mono-
layer of water is roughly 0.35 nm, water producing process
2 must be confined in small pores of less than 1 nm. Due to
this small confining length, this type of water in the context of

the Jennings model5 would be compatible with interlayer and
interglobular (IGP) water.

Regarding water responsible for process 3, it does not
present any confinement effect, indicating that for this type of
water no topological constraints exist. In this sense, process
3 is compatible with water in larger pores. It is worth not-
ing, however, that at low hydration levels where size effects
do not play a role, processes 2 and 3 still show differentiated
characteristics and dynamical behavior, evidencing the intrin-
sic distinct nature of the bonding of these two types of water
regardless of the hydration degree. From the values of the ac-
tivation energies for processes 2 and 3, it turns out that water
molecules in process 3 establish a relatively larger number of
hydrogen bonds with other water molecules (likely forming
small clusters).

Finally, let us comment on process 1. The dielectric
strength (intensity) of this process also depends on the wa-
ter concentration, but this dependence is much weaker than
that in processes 2 or 3. This is an indication that process 1
is partially related to water or at least influenced by the pres-
ence of water molecules around. In addition, and contrary to
the other two processes, process 1 does not disappear after
heating the sample at 120 oC. This means that either process
1 comes from the rotation of some intrinsic dipolar group in
the C-S-H gel, or from water nonevaporable at 120 oC. The
ability of water to avoid evaporation after heating the sam-
ple at temperatures over 105 oC has sometimes been used in
the literature as a criterion to define “chemical water.” Un-
der this criterion, chemical water could be responsible for the
observed dielectric process 1. However, from only dielectric
data it is not possible to unambiguously assign the origin of
this process to either intrinsic C-S-H dipoles or chemically
bound water.

On the other hand, the comparison of the isothermal wa-
ter adsorption curves of cement pastes and the dielectric and
calorimetric behavior of the hydrated C-S-H gel is very mo-
tivating. Figure 7 reproduces the first drying measured by

FIG. 7. First drying (thick solid line) curve for w/c = 0.5 cement paste
adapted by Jennings from measurements of Powers and Brownyard (Ref. 18).
The second ordinate represents water content in moles, C1.7-S-Hy. Dashed,
shadowed, and transparent backgrounds represent crystallization, non-
Arrhenius, and Arrhenius regions for water dynamics, respectively. The car-
toon represents the location of water molecules corresponding to process 3
(at low hydration level water molecules form small clusters but still show an
Arrhenius temperature dependence of the relaxation times, whereas at high
hydration level these clusters continue increasing until a VFT behavior typi-
cal of cooperative motions is observed).
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Powers and Brownyard8 adapted by Jennings.5 The left side
ordinate represents water content percentage in mass and the
right ordinate represents water content in moles, i.e., y in C1.7-
S-Hy.

69 We note that different hydration levels in this work
were obtained by drying samples with initial water content
of 28 wt. %, therefore “hydration history” should be best de-
scribed by the first drying curve. One of our main results in
this work is that water dynamics is different at low and high
hydration levels, showing a deep change at a threshold of
10 wt. %. As discussed in previous sections, from this hy-
dration level, water dynamics is not Arrhenius-like any-
more, reflecting the onset of more cooperative-type motions.
This change in the dynamics of water from local-type to
cooperative-type at 10 wt. % correlates with the reported com-
pletion of a water monolayer at around 11% RH (relative hu-
midity) (see point A in Fig. 7), and therefore constitutes an
independent and complementary argument for the monolayer
formation in the small pores. At higher RH, the thickness of
the film adsorbed on the pore walls should increase (i.e., mul-
tilayer arrangement) so that water should progressively fill the
small pores. Contrary to process 2, water molecules involved
in process 3 evidence the formation of small clusters even in
the lower hydration levels. This suggests that in the larger
pores, water never forms one monolayer but instead small
clusters of water would decorate the surface even at low wa-
ter content (see cartoon in Fig. 7). When hydration increases,
these clusters become large enough to evidence cooperative
dynamics.

The calorimetric measurements of samples with water
content ≥ 17 wt. % (not shown in this paper) reveal an
exothermic peak upon cooling evidencing the presence of
crystallized water. It is well known that the crystallization
temperature (Tcrys) of water decreases when the size of the
water reservoir is severely decreased. The Tcrys observed for
all the samples with water content ≥ 17 wt. % is 227 K, well
below the homogeneous nucleation temperature for bulk wa-
ter (235 K). This fact evidences that after 39 days water in C-
S-H gel forms very small water pools so that the presence of
“bulk” water can be excluded. Finally, we note that the onset
of crystallization correlates quite well with the third change
of slope in the first dehydration curve (point C in Fig. 7).

V. CONCLUSIONS

We have studied the influence of the hydration level on
the dielectric response of C-S-H gel. The dielectric spec-
tra revealed three different relaxation processes related to
water in 39 day hydrated C3S samples. Each process has
shown its own dynamical characteristics and two of them
(2 and 3) clearly originated in different populations of water
molecules.

Process 2 showed Arrhenius behaviour at low hydration
level with relatively low activation energy but as soon as one
monolayer of water was reached by increasing hydration, a
crossover in the temperature dependence of the relaxation
times (from high-temperature non-Arrhenius to low-T Arrhe-
nius) was observed. The presence of this crossover was re-
lated with confinement effects and the confinement size was
estimated to be 1 nm. On the other hand, process 3 at low

hydration level also showed an Arrhenius behavior but the
activation energy was higher than that of process 2, indicat-
ing that water clusters exist from low hydration levels. This
point questioned the formation of one monolayer in the entire
sample. In addition, by increasing the hydration, the proba-
bility of water molecules to form big clusters increases and
therefore water molecules can relax in a cooperative way. At
the higher hydration level (15 wt. %) water dynamics follows
a VFT behavior indicative of cooperative-type motions. No
confinement effects were observed for this process, indicat-
ing that for this type of water no topological constraints exist
and therefore water molecules should be located in big pores.

Finally, we have qualitatively related the water dynamics
herein observed by BDS with the isothermal water adsorption
behavior of cement pastes in the literature.
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