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Dynamic scaling of quasielastic neutron scattering spectra from interfacial water
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A method for analysis of high-resolution quasielastic neutron scattering~QENS! spectra of water in porous
media is proposed and applied to the case of water in hydrated tricalcium and dicalcium silicates. We plot the
normalized frequency-dependent susceptibility as a function of a scaling variableuvu/vp , wherevp is the
peak position of the susceptibility function. QENS data have been scaled into a single master curve and fitted
with an empirical formula proposed by Bergman to obtain three independent parameters describing the relax-
ation dynamics of hydration water in calcium silicates.
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We have previously investigated the time evolution
translational dynamics of hydration water in a curing cem
paste @1# using incoherent quasielastic neutron scatter
~QENS!. As a model system we used a cement paste m
by mixing tricalcium silicate powder (C3S) with an appro-
priate amount of water. In order to study the kinetics of h
dration reaction in the paste, time evolution of the QEN
spectrum was followed every hour after the mixing of wat
for a duration of about 40 h. We found that at 1 h after
mixing, there is only a quasielastic component in the QE
spectrum. Interestingly, the QENS line shape is already
tinctly non-Lorentzian, contrary to QENS line shape in bu
water at room temperature, which is known to be Lorentz
@2#. In other words, the relaxational dynamics of the cent
of-mass translational motion of water molecules in the
ment paste at room temperature is similar to the situatio
supercooled bulk water, showing nonexponential beha
@3#. For this reason, we called the hydration water in cem
as ‘‘glassy water.’’ As time goes by, an elastic compon
begins to develop in the QENS spectrum as well, show
that part of the glassy water is converted to bound wa
Thus, the fraction of the glassy water shows an ‘‘age’’ d
pendence. In this paper, we present an alternative metho
analysis of QENS data in two calcium silicate
(C2S and C3S), measured using a high-resolution di
chopper spectrometer~DCS! at the NIST Center for Neutron
Research~NCNR!. We analyze the susceptibility spectrum
defined as x9(Q,v)5vSs(Q,v), instead of the self-
dynamic structure factorSs(Q,v). The normalized suscepti
bility can be plotted as a function of a scaling variab
uvu/vp , wherevp is the peak position of the susceptibilit
function. These dynamic scaling plots, for spectra taken
range ofQ ~magnitude of the scattering vector!, are shown to
collapse into a single master curve, which can then be a
lyzed conveniently using an empirical formula proposed
Bergman@4#. As a result, we have a straightforward way
extracting the nonexponential relaxation parameters of
‘‘glassy’’ water. We find the proposed method of analys
more intuitively appealing and simpler than the conventio
one@1#. This method should find wide applications in diver
situations involving QENS studies of dynamics of hydrati
water in porous materials.
1063-651X/2001/65~1!/010201~4!/$20.00 65 0102
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The hydrated paste was prepared by mixing 1 g of bidis-
tilled water with 2 g of calcium silicate dry powder
(C2S or C3S) in order to obtain a 0.5 water/calcium silica
mass ratio. Samples where placed in a 0.5-mm-thick alu
num cell coated with teflon@1#. We followed the curing~ag-
ing! behavior of the cement paste at 25 °C by record
QENS spectra over a range ofQ every hour for about 4 days
In the case of C3S a 0.5%~in mass! retarder agent~sodium
salt of sulfonated naphthalene-formaldehyde polycondens
widely used in cement industry! was added to the paste t
slow down the hydration process. The quasielastic neu
scattering experiments were carried out at NCNR, using
high-resolution DCS@5#. The incident monochromatic neu
tron wavelength was 9.0 Å (1.01 meV) which resulted in
energy resolution~full width at half maximum! of 20 meV.
The sample cell was placed at 45° to the direction of
incident neutron beam. Only detectors in reflection geome
were taken into account. The detectors were grouped to
tain a set of five spectra in theQ range from 0.63 to
1.22 Å21. The data were corrected for scattering from t
same sample holder containing dry calcium silicate pow
and standardized by dividing by the scattering intensity fr
a thin vanadium plate and converted to the double differ
tial scattering cross section using standard routines avail
at NIST.

Since the incoherent scattering cross section of hydro
is much larger than its coherent counterpart and also tha
oxygen, the double differential scattering cross section i
quasielastic neutron scattering experiment on water is do
nated by the term from the hydrogen self-dynamics. The s
dynamic structure factor@denoted bySs(Q,v), where Q
5uk02ku5(4p/l)sin(u/2) is the magnitude of the wav
vector transfer,\v5E02E is the energy transfer,k0 andE0

are the wave vector and energy of the incident neutronk
andE those of the scattered neutrons,u the scattering angle
andl the incident neutron wavelength# has the property tha
its integral over allv is unity, and it is related to the inter
mediate scattering function~ISF!, Fs(Q,t), through a time
Fourier transform. In our case, the ISF is composed of
elastic component, due to the presence of the immobile w
©2001 The American Physical Society01-1
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bound inside the colloidal particles, and a quasielastic co
ponent, coming from the glassy water embedded in am
phous gel regions surrounding the colloidal particles@1#. The
ISF has thus been modeled as

Fs~Q,t !5p1q$Fv~Q,t !exp@2~ t/t!b#%, ~1!

wherep is fraction of the immobile water,q512p fraction
of glassy water,t the relaxation time, andb the stretched
exponent. The relaxation function of the glassy water
given by the quantity contained in the curly brackets, acco
ing to the relaxing cage model developed by Chenet al. @6#
for supercooled water.Fv(Q,t) takes into account the sho
time dynamics~up to about 0.2 ps! as vibrations of water
molecules confined in a somewhat distorted, tetrahedr
coordinated, hydrogen bonded cage of its neighbors. It
shown that this dynamics, in the relevant energy range 0
meV, is describable by a proton density of states Z(v), hav-
ing a two peak structure: a prominent peak atv158 meV
and a small peak atv2530 meV. Fv(Q,t) decays to a pla-
teau value~the Debye-Waller factor! given by

A~Q!5expH 2Q2v0
2F12C

v1
2

1
C

v2
2G J 5expS 2

1

3
Q2a2D ,

where v0 is the thermal speed of the particle~water mol-
ecule!, C the relative strength of the two peaks inZ(v) and
a represents the radius of the cage, which, from molec
dynamics simulations, has been found to be;0.5 Å @7#.
Thus, in the investigatedQ range (0.6321.22 Å21),
Fv(Q,t) is very nearly equal to unity and so isA(Q). For
times longer than 0.2 ps, the cage itself begins to relax,
water molecule can escape from it. Thus a trapped partic
the cage can migrate only through rearrangement of a la
number of particles surrounding it. For this reason, there
strong coupling between the particle motion and the den
fluctuation of the fluid. In mode coupling theory, this proce
is called thea relaxation and it is usually described by
stretched exponential function. This relaxing cage model w
shown to fit QENS data on supercooled water in mesopor
glass matrices@3#, and an extensive set of ISFs generated
computer molecular dynamics simulations of single po
charge model supercooled water@6#. It was argued previ-
ously, with some experimental evidence, that the long-ti
dynamics of interfacial water behaves similarly to that
bulk supercooled water at a lower temperature@8#. Accord-
ing to the above sketched picture, the experimentally de
minedSs(Q,v) should be analyzed by the following analyt
cal function:

Ss~Q,v!5pd~v!1qA~Q!F$exp@2~ t/t!b#%, ~2!

whereF is the Fourier transform. Since there is no analyti
Fourier transform of the stretched exponential, the fitt
procedure has to rely on numerical methods for calcula
the Fourier integrals. This is a tedious task as the summa
involves rapidly oscillating terms.

In order to avoid this problem we consider the susce
bility function x9(Q,v)5vSs(Q,v). This has the advantag
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that it effectively removes the first term of the right-han
side of Eq.~2! so that foruvu.v resolution the susceptibility
is equal to:x9(Q,v)5qvF$exp@2(t/t)b#%. We can then rep-
resent the susceptibility~aside from a factorq) using the
recently derived empirical formula,@4#

x9~v!5
xp9

12b1
b

11b
@b~vp /v!1~v/vp!b#

. ~3!

It has been reported that the above three-parameter e
tion is a good frequency domain representation of the s
ceptibility when the dynamic structure factor can be rep
sented as the Fourier transform of a stretched expone
@4#, xp9 andvp are the height and position of the susceptib
ity peak, respectively, and the third parameterb determines
the highQ asymptotic behavior of the curve, which is line
with a slopeb in a log-log plot. It can be shown by numerica
simulations that the parameters appearing in Eq.~3! can be
identified with parameters in the stretched exponential re
ation function:b5b and vp5@tA„G(1/b)/b…#21, whereG
is theG function. The height of the peak,xp9 , is then deter-
mined so that thev integral ofx9(v)/v is unity, in order to
satisfy the normalization property of the dynamic structu
factor. Moreover, the fraction of glassy water in the cem
paste,q512p, is proportional to the area of the quasielas
contribution. Since the spectra are normalized, it is given
the integral:q52*0

`x9(v)/vdv.
Figure 1 shows some typical normalized QENS spec

for glassy water in C2S atQ51.0960.10 Å21 as a function
of aging. A few hours after mixing with water, the spectru
consists of only a quasielastic component as in the prev
studies of C3S pastes@1,9#. The line shape of this componen
is far from Lorentzian, showing that in the C2S system, as in
the C3S system, the hydration water is confined in a m
croporous structured gel phase. The available experime

FIG. 1. Typical evolution of QENS spectra from the hydratio
water in the dicalcium silicate (C2S) sample at Q51.09
60.10 Å21 and 25 °C.
1-2
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data suggest that both the hydration mechanism and
C-S-H phase formed in the hydration process of C2S are
similar to that of C3S. However, the hydration kinetics o
pure C2S is characterized by an extended induction period
which hydration is very slow, as compared to that of C3S.
Similarly to C3S, this period is followed by a gradual in
crease of the hydration rate. In fact, as time passes, an el
component appears and its intensity increases showing
the hydration reaction converts the glassy water containe
the calcium silicate hydrate~gel! into the bound crystalline
water.

Figure 2 presents the susceptibility function obtain
from the normalized QENS data in the energy transfer ra
from 0 to 60.65 meV. It is seen that the elastic part of t
spectrum disappears in converting the dynamic structure
tor to the susceptibility function. In the figure, only the low
est and highestQ data are shown. The value ofQ mainly
affects the peak positionvp . With increasingQ the peak
position shifts to largeruvu and the peak becomes broade

Normalizing each peak to the corresponding peak int
sity xp9 and plotting the results as a function of the sca
energy transferuvu/vp , we obtain a master curve at eac
time ~age! as shown in Fig. 3. This plot successfully sca
out all theQ dependence of the spectra because the expo
b, which controls the largev asymptotic behavior, is only
weakly dependent onQ in the investigatedQ range. Fitting
the curves in Fig. 3 with Eq.~3! and the definition ofq, we
obtain the parametersp, b, andt̄51/vp shown by the sym-
bols and solid lines in Fig. 4. As far as we know, the
relaxation parameters for the C2S/water system have bee
obtained experimentally for the first time here.

We would like to note at this point that this method
extracting the relaxation parameters has another advanta
that the analysis result is weakly dependent on energy r
lution function of the instrument used (20meV), since the
susceptibility peak is rather broad compared to the resolu
function used to measure the quasielastic spectrum. In

FIG. 2. Susceptibility of water in C2S paste as a function o
energy transfer and itsQ dependence. Only the first and lastQ
values are shown for clarity. Continuous lines are the best fits
cording to Eq.~3!.
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we have also used the fitting function in which theS(Q,v) is
first convolved with the resolution function before transform
ing into the susceptibility function and the resulting rela
ational parameters obtained are identical.

In order to compare these parameters with the correspo
ing parameters in the C3S/water case, which has been we
studied before@1,9#, we investigated theQ dependence of the
QENS spectra obtained for a C3S paste where the NSF re
tarder has been added. The advantage of the additive
slow down considerably the aging process of the system
effectively in the measurement time scale the spectra
invariant in time. We, therefore, take advantage of this f
by summing over all the data at eachQ over the whole delay

c-

FIG. 3. Dynamic scaling plots of normalized susceptibilities
water in C2S paste for five differentQ values, at ages of 2, 20, 49
and 73 h. Continuous lines are the best fits according to Eq.~3!.

FIG. 4. Time evolution of the three parameters,p, t̄, andb, used
to describe the aging behavior of water in curing C2S ~symbols and
solid line! and C3S ~dash line! paste with the additive. Whilep and

b are the averages over the investigatedQ range, the value oft̄ at
Q51.0960.10 Å21 is reported in the second panel.
1-3
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time ~5 days! to improve the signal to noise ratio. As a resu
we were able to produce the nice scaling plot shown in F
5. The extracted parameters from this figure, by fitting
master curve with Eq.~3!, are presented as dash lines in F
4.

A nonexponential relaxation of the interfacial water
room temperature and at lower temperatures is a comm

FIG. 5. Dynamic scaling plot of the normalized susceptibil
for the fiveQ values, in the case of C3S paste containing the add
tive. Continuous line is the best fit according to Eq.~3!.
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observed phenomenon. In this paper we have demonstr
the advantage of analyzing the susceptibility function in
frequency domain, instead of dealing with the dynamic str
ture factor directly. The reason is that Eq.~3! is an accurate
representation of the susceptibility function when the ISF i
stretched exponential function@4#. In theQ range whereb is
approximatelyQ independent, the scaling plot as shown
Fig. 4, can be effectively used to extract the relaxation
rameters of the interfacial water.

To the best of our knowledge, this is the first paper wh
the relaxation parameters,b and t̄, of glassy water in C2S
and C3S are compared. We found that they are of simi
magnitude, indicating that pore structures of the gel pha
in both the silicates are similar. Moreover, the hydration
netics of the C2S/water system is much slower than that
the C3S/water system at the same temperature and in
absence of the additive@1#, with the so-called induction pe
riod of about 20 h for the C2S/water system~first panel of
Fig. 4!.
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