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Rotational dynamics of hydration water in dicalcium silicate by quasielastic neutron scattering
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Quasielastic neutron scattering~QENS! has been used to investigate the single-particle dynamics of inter-
facial water in dicalcium silicate (C2S)/water paste. Our previous neutron-scattering studies on interfacial
water have focused attention on the translational dynamics of the center of mass of water molecules. In this
paper, we have collected QENS data on a wider range of wave-vector transfer so that both translational and
rotational motions of water molecules are detected. The data have been analyzed by models for translation and
rotation we recently proposed for supercooled water. The evolution of the parameters describing the relax-
ational dynamics of water embedded in the C2S matrix is given at temperatureT5303 K as a function of the
curing time.
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Dynamics of interfacial water is a fundamental topic
condensed-matter research both because of its theoretic
terest and because the study of the state of water near
faces, or confined in nanopores, is relevant in many differ
applications, ranging from mining to biology. Hydration w
ter in cement is an attractive example of this expanding fi
of research. Using quasielastic neutron scattering~QENS! we
have already shown@1# that the translational dynamics of th
center of mass of a water molecule can be described by
relaxing cage model@2# developed for supercooled wate
Due to the confinement in the cage of its neighbors,
translational dynamics of a water molecule shows a sh
time gaussian decay, followed by a long-timea relaxation
@2#. We have recently extended this picture to include
rotational dynamics as well. Molecular-dynamics~MD!
simulations of SPC/E water at low temperatures show
the rotational correlation functions exhibit a two-step rela
ation, where the long-time decay is nonexponential, sim
to that found for the translation@3#. In this paper, we shal
apply this model for rotational dynamics to QENS data. O
experimental results confirm the validity of the model pr
posed, and allow us to get information on the rotational
namics of water in a C2S/water paste.

The reaction between the calcium silicates in Portland
ment~PC! and water is the principal factor in the setting a
hardening~curing or aging! of this popular building materia
@4#. Dicalcium silicate is one of the principal components
PC. The curing process has been exstensively investigate
the past using a number of experimental techniques,
x-ray diffraction @5#, differential scanning calorimetry@6#,
and more recently by QENS@1,7–9#. Hydrated cement past
contains calcium-silicate-hydrate in a gel form, generally
noted as C-S-H, and calcium hydroxide, Ca(OH)2, abbrevi-
ated as C-H, in the form of colloidal particles imbedded
the C-S-H matrix. QENS experiments have shown that wa
molecules incorporated in the colloidal particles appear
mobile on the QENS experimental time scale. On the ot
hand, water molecules dispersed in the C-S-H gel ma
1063-651X/2002/65~4!/040501~4!/$20.00 65 0405
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behave as interfacial water, having a slow dynamics sign
cantly different from that of bulk water at the same tempe
ture. As cement ages, the interfacial water in C-S-H gel p
etrates continuously into the colloidal particles and th
increases the immobile fraction@1,8#.

QENS experiments were carried out at the National In
tute of Standards and Technology~NIST! Center for Neutron
Research using the Fermi chopper spectrometer. The inci
neutron wavelength was chosen asl56.0 Å or E0

52.2 meV in energy. At this incident energy, the elas
energy resolution function has a Gaussian line shape with
full width at half maximum of about 66meV, as measured
using a thin vanadium plate. The rectangular sample cell
placed at an angle making 45 ° from the direction of t
incident neutron beam. The detectors facing the edge of
can have been discarded. The data have been groupe
obtain two sets of four and eight constant angle spectra
transmission geometry, at low scattering angles, and in
flection geometry, at high scattering angles, respectively.
resulting wave-vector transfer range covered w
0.26 Å21,Q,1.94 Å21, at the elastic channel. The time
of-flight spectra were corrected for scattering from the sa
sample holder containing dry C2S powder, standardized us
ing the scattering data of the vanadium run, and converte
the differential scattering cross section by using stand
routines available at NIST.

The investigated sample consisted of a paste with
0.50 water/C2S weight ratio, spread evenly on the can, ma
ing a layer of 0.5 mm, with an H2O effective thickness of
;0.25 mm, so that multiple-scattering corrections were
necessary. Synthetic C2S with BET specific surface area o
0.6060.05 m2/g and particles median radius of 5.5mm, has
been used. The interior wall of the cans was coated w
Teflon in order to prevent any interference of the aluminu
in the hydration process of the cement. We collected data
about ten days in runs of three hours each. We confirm
successive runs superimpose with good accuracy and
©2002 The American Physical Society01-1
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data have been added in groups of four, resulting in spe
with a total of twelve hours of counting statistics.

Since the incoherent scattering cross section of hydro
is much larger than its coherent counter part and also
total scattering of oxygen, silicon, or carbon the doub
differential scattering cross section is dominated by the te
from the hydrogen self dynamics. Thus, one measures es
tially SH(Q,v), whereE5\v is the energy transfer of th
neutron to the system, andQ is the magnitude of the wave
vector transfer corrsponding to this energy transfer. The e
tic Q value at a scattering angleu is given by Q0
5@4p sin(u/2)#/l.

The self-dynamic structure factor is related to the hyd
gen self-intermediate scattering function~ISF!, FH(Q,t),
through a time Fourier transform. In our case, ISF is co
posed of a constant partp representing the fraction of immo
bile water, and a relaxing function, coming from the stru
tural relaxation of the interfacial water. The QENS data c
then be analyzed using the following model for the dynam
structure factor@1#:

Ss~Q,v!5pR~Q0 ,v!1~12p!FT$FH~Q,t !R~Q0 ,t !%
~1!

whereR(Q0 ,t) is the Fourier transform of the experiment
resolution function,R(Q0 ,v).

The decoupling approximation forFH(Q,t) @10–12# is
the working hypothesis most widely used to accurat
model water dynamics. It assumes thatFH(Q,t) is the prod-
uct of the ISFs of the center of mass of the water molec
FT(Q,t), and of the rotational ISF,FR(Q,t), of the hydrogen
atom around the center of mass. This approximation has b
tested against MD simulation data@12#, and was confirmed
that it is accurate to within ten percent, and suitable for
purpose of analyzing QENS data.

Our previous experiments on hydrated cement pastes
vestigated theQ,1.2 Å21 range. Within this low-Q range,
we need only to consider the translational dynamics, wh
can be described by the relaxing cage model@2#. In this
model, the short-time translational dynamics of water c
fined in the cage of its neighbors is pictured as a harmo
vibration. For longer times, the cage itself begins to rel
and the molecule diffuses away. This process invol
coupled motions of many molecules and is described b
stretched exponential function. Thus, the translational ISF
water is then given by the product of a short-time vibratio
dynamics and a long-time cage relaxation

FT~Q,t !5FT
s~Q,t !exp@2~ t/tT!bT# ~2!

where@2#

FT
s~Q,t !5expH 2Q2v0

2F12C

v1
2 ~12e2v1

2t2/2!

1
C

v2
2 ~12e2v2

2t2/2!G J . ~3!
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In the above equation,v05AkBT/m is the thermal speed o
the water molecule,v1 and v2 the peak frequencies of th
hydrogen atom translational density of states,ZT(v), andC
their relative weight. The long-time dynamics is charact
ized by a structural relaxation timetT , and the average re
laxation time t̄T5tT•@G(1/b)#/b, was shown to follow a
power law inQ, namely,t̄T5 t̄0(aQ)2g. a is the root-mean-
square vibrational amplitude in the cage, defined by
Debye-Waller factor, which is the long-time limit of th
FT

s(Q,t). According to MD simulationsa50.5 Å, and is
fairly insensitive to temperature variation@2#. At moderate
temperatures the exponentg takes a value close to two, in
dicating a diffusional behavior@2,13,14#. On the other hand
our recent experimental results suggest thatbT is Q indepen-
dent @1#.

TheQ andt dependence of the rotational ISF can be se
rated using the well-known Sears expansion@15#

FR~Q,t !5(
l 50

`

~2l 11! j l
2~Qb!Cl~ t !, ~4!

whereCl(t) is the l th order rotational correlation function
Since the center of mass to hydrogen atom distance in w
is well known, b50.98 Å, theQ dependence of the rota
tional ISF is fully determined. ForQ range up toQb52.5
only four terms of this expansion are needed.

A model for the first-order rotational correlation functio
C1(t) @3# has been proposed recently on the basis of M
simulation results. It applies the same picture developed
the translational dynamics in the relaxing cage model to
rotational dynamics: at short time, the water molecule
bound to its neighbors by H bonds, so that its reorientatio
dynamics are frozen, allowing only the harmonic angu
vibrations around the H bond direction. At longer times, t
H-bonds break and the water molecule can rotate and tr
late. Thus,C1(t) can be written as the product of a sho
time gaussian part and ana-relaxationlike decay at long time

C1~ t !5C1
s~ t !exp@2~ t/tR!bR#. ~5!

The short-time rotational dynamics is given by@3#

C1
s~ t !5expH 2

4^v2&

45v3
2

F3S 12e
2v3

2t2

2 D

16v3
2t2e

2v3
2t2

2 2v3
4t4e

2v3
2t2

2 G J , ~6!

where^v2& is the square average angular velocity, related
the effective moment of inertia of the water molecule in t
cage andv3 the characteristic frequency of hindered rot
tions around the H-bond direction, known to be appro
mately 65 meV. The higher-order correlation functions a
then generated fromC1(t) using the maximum entropy
method@16#. Equations~2!–~6! fully define the ISF in terms
of 11 Q-independent parameters:p, C, v1 , v2 , t0 , g, bT ,
^v2&, v3 , tR , and bR . Among them, four parameters,C,
v1 , v2, andv3 are known from MD data, through the com
1-2
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puted density of states of the hydrogen atom and are app
mately temperature independent. The accuracy of the m
has been tested against MD simulations on supercooled
ter. In Fig. 1, the comparison between the theory and M
result for FH(Q,t) is reported for threeQ values atT

FIG. 1. Hydrogen self-intermediate scattering function fro
MD simulations on SPC/E water atT5250 K. Dashed lines repre
sent the fit according to the model proposed in Ref.@3#.

FIG. 2. Typical QENS spectra from hydration water in d
calcium silicate (C2S) after ten days of aging time, at differentQ
values. The lines represent the result of the fitting procedure.
different components are shown as well.
04050
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5250 K, the temperature of maximum density for th
SPC/E water. Our model is seen to be in excellent agreem
with the MD data on ISF up tot5100 ps. This gives us
confidence for the validity of this model for supercooled
intefacial water.

In this communication, the model has been used to a
lyze experimental data according to Eq.~1!. The following
seven parameters have been used as fitting variables:
parameter takes into account the fraction of immobile wa
p; three are for the translational dynamicst0 , g, and bT ;
and three for the rotational onêv2&, tR , and bR . Since
these parameters areQ independent, the twelve spectra ha
been fitted simultaneously using this model. TheQ depen-
dence of the energy-transferE has been taken into accoun
for every data point. Sears expansion has been truncate
the third term, since forQb,2, three terms in the expansio
are sufficent. The experimental data and the fitted results
reported in Fig. 2 for a C2S/water paste aged for ten days
an example. TheQ dependence of the line shape is evide
and clearly shows the relevance of the rotational dynam
on the high-angle spectra. Considering that the fitting para
eters areQ independent, the quality of the fit is very good fo
all the spectra, giving further support to the validity of th
model. In the figure, the elastic and quasielastic compon
~dashed and dotted lines, respectively! are shown. The dash
dotted, short-dash, and dash dotted-dotted lines are the
e

FIG. 3. Time evolution of the model parameters as obtain
from the fitting procedure in curing C2S/H2O paste.
1-3
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terms obtained by Fourier transform of the product of
translational ISF to the truncated Sears expansion. The r
tional component is negligible at lowQ values (Q
,1 Å21). However, it becomes more and more importa
for the high-angle spectra taken with the detectors in
reflection geometry.

The experiment has been performed on hydrated C2S be-
cause this sample shows a slower aging behavior@9# allow-
ing us to collect data for longer times, with better statisti
In the following, we show the aging dependence of the
rameters describing the dynamics of the water molecules
Figs. 3~b!–3~d!, the translational parameters are report
The characteristic relaxation time is constant in the first
days, however it shows a noticeable increase over a lon
period ~five months!. This behavior agrees with previou
findings on the same sample that do not show any dep
dence of the translational dynamics over four days@9#. The
exponentg, being close to two, confirms the diffusion
character of the translational dynamics. The values ofbT are
in perfect agreement with the previous measurements
show a decrease after ten days. This finding has been alr
reported for the C3S case@1# and has been connected to t
fact that there is an increased confinement condition of w
in the microporous structure of the gel phase as aging t
increases. In Fig. 3~a! we report the values ofp as a function
of aging time. The parameter shows a slow increase for
first ten days, followed by a noticeable increase after fi
months. In the same figure~e!–~g!, the relaxation parameter
of the rotational dynamics are reported. They suggest tha
rotational dynamics are not affected by the aging of
el
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paste. The rotational relaxation time remains constant
tween 15 to 20 ps, about five times longer than the value
the bulk water measured at the same temperature@11#. As for
bR , it is constant initially, but decreases after five month
Theoretically^v2&5kBT/I , I being the moment of inertia
of the water molecule in the cage, averaged over differ
axes. The experimental values are smaller than those
pected for a free-water molecule. This finding indicates th
due to H bonding, the rotation of water is hindered, result
in a higher effective moment of inertia.

In this communciation, we have analyzed QENS data t
ing into account both translational and rotational dynam
of water in a hydrated cement paste using a recently p
posed model. The results of the translational dynamics ar
agreement with previous findings. As far as rotations
concerned, the dynamics are not Debye-like, though v
close to it at early aging time, but more and mo
‘‘stretched’’ as the aging time increases. A quantitative av
age rotational relaxation time is given.
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