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Rotational dynamics of hydration water in dicalcium silicate by quasielastic neutron scattering
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Quasielastic neutron scatterif@ENS has been used to investigate the single-particle dynamics of inter-
facial water in dicalcium silicate (£5)/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 thgSCnatrix is given at temperatuiie=303 K as a function of the
curing time.
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Dynamics of interfacial water is a fundamental topic of behave as interfacial water, having a slow dynamics signifi-
condensed-matter research both because of its theoretical icantly different from that of bulk water at the same tempera-
terest and because the study of the state of water near sutre. As cement ages, the interfacial water in C-S-H gel pen-
faces, or confined in nanopores, is relevant in many differengtrates continuously into the colloidal particles and thus
applications, ranging from mining to biology. Hydration wa- increases the immobile fractidd,8].
ter in cement is an attractive example of this expanding field QENS experiments were carried out at the National Insti-
of research. Using quasielastic neutron scattef@BNS we  tute of Standards and Technolo@yIST) Center for Neutron
have already showfi] that the translational dynamics of the Research using the Fermi chopper spectrometer. The incident
center of mass of a water molecule can be described by theutron wavelength was chosen as=6.0 A or E,
relaxing cage modef2] developed for supercooled water. —2 2 mev in energy. At this incident energy, the elastic
Due to the confinement in the cage of its neighbors, thgnergy resolution function has a Gaussian line shape with the
t_ranslaﬂonql dynamics of a water moleculg shows a shorty |1 width at half maximum of about 66u€eV, as measured
time gaussian decay, followed by a long-timerelaxation ,qing 3 thin vanadium plate. The rectangular sample cell was

[2]. We have recently extended this picture to include theplaced at an angle making 45° from the direction of the

rotational dynamics as well. Molecular-dynami¢dD) oo :
simulations of SPC/E water at low temperatures show tha'tncIdent neutron beam. The detectors facing the edge of the

the rotational correlation functions exhibit a two-step relax-C2" have been discarded. The data have been grouped to

ation, where the long-time decay is nonexponential, similalobtaln _twc_; sets of four and eight cons_tant angle spect_ra, n
to that found for the translatiofg]. In this paper, we shall ansmission geometry, at low scattering angles, and in re-
apply this model for rotational dynamics to QENS data. Ourflectlo_n geometry, at high scattering angles, respectively. The
experimental results confirm the validity of the model pro-"€Sulting — wave-vector  transfer range covered was
posed, and allow us to get information on the rotational dy0-26 A~*<Q<1.94 A™*, at the elastic channel. The time-
namics of water in a §S/water paste. of-flight spectra were corrected for scattering from the same
The reaction between the calcium silicates in Portland cesample holder containing dry &5 powder, standardized us-
ment(PC) and water is the principal factor in the setting anding the scattering data of the vanadium run, and converted to
hardening(curing or aging of this popular building material the differential scattering cross section by using standard
[4]. Dicalcium silicate is one of the principal components ofroutines available at NIST.
PC. The curing process has been exstensively investigated in The investigated sample consisted of a paste with a
the past using a number of experimental techniques, e.g0.50 water/GS weight ratio, spread evenly on the can, mak-
x-ray diffraction [5], differential scanning calorimetr{6], ing a layer of 0.5 mm, with an $O effective thickness of
and more recently by QENQ.,,7-9. Hydrated cement paste ~0.25 mm, so that multiple-scattering corrections were not
contains calcium-silicate-hydrate in a gel form, generally denecessary. Synthetic,§ with BET specific surface area of
noted as C-S-H, and calcium hydroxide, Ca(@Hbbrevi-  0.60+0.05 nf/g and particles median radius of 5u&n, has
ated as C-H, in the form of colloidal particles imbedded inbeen used. The interior wall of the cans was coated with
the C-S-H matrix. QENS experiments have shown that watefeflon in order to prevent any interference of the aluminum
molecules incorporated in the colloidal particles appear imin the hydration process of the cement. We collected data for
mobile on the QENS experimental time scale. On the otheabout ten days in runs of three hours each. We confirm that
hand, water molecules dispersed in the C-S-H gel matrixsuccessive runs superimpose with good accuracy and the
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data have been added in groups of four, resulting in spectrim the above equation,,= vkgT/m is the thermal speed of

with a total of twelve hours of counting statistics. the water moleculep; and w, the peak frequencies of the
Since the incoherent scattering cross section of hydrogehydrogen atom translational density of stagg(w), andC

is much larger than its coherent counter part and also theheir relative weight. The long-time dynamics is character-

total scattering of oxygen, silicon, or carbon the double-ized by a structural relaxation time:, and the average re-

differential scattering cross section is dominated by the teryation time rr=7r-[I'(1/8)]/ 8, was shown to follow a

from the hydrogen self dynamics. Thus, one measures essen- —

. . law inQ, namely,r =?(aQ)*’/. ais the root-mean-
tially S4(Q,w), whereE=4%w is the energy transfer of the Pover AW N T TONe .
neuxt/ro:(tgtﬁé system artaai)s the magnit%{je of the wave. Sduare vibrational amplitude in the cage, defined by the

vector transfer corrsponding to this energy transfer. The ela [_)Se byet—WaAIIer fgptor,t W,Cl'[gh 1S tTet' Iong-_h(r)n Se gm't %f .the
tic Q value at a scattering angl@ is given by Qq T(Q’. )- ceording to simufationsa=o. , and 1S
—[4m sin(@2)]/\. fairly insensitive to temperature variatid2]. At moderat_e

The self-dynamic structure factor is related to the hydro_'(tje_mrtl_eraturdgz th_e exlpt()) n:mya:;eisalvalge ct;Lose tLO tv;/IO, Ic?
gen self-intermediate scattering functiqiSF), F4(Q,t), Icaling a difiusional be avid2,13,14. On € other hand,
through a time Fourier transform. In our case, ISF is Com-gur r[ec]ent experimental results suggest fats Q indepen-

: - ; ent[1].

posed of a constant pgrtrepresenting the fraction of immo- .
bile water, and a relaxing function, coming from the struc- tTgeQ. an?;depelllwdkence o;the rotatlonaImIESF can be sepa-
tural relaxation of the interfacial water. The QENS data car &¢¢ USINg the Well-known sSears expansiibf]
then be analyzed using the following model for the dynamic

structure factof1]: FR(Q,t)zlzo (214+1)j2(Qb)C(1), (4)

Si(Q,@)=pR(Qo,w)+(1- p)FT{FH(Q,t)R(Qo,t)}(

where C(t) is thelth order rotational correlation function.
Since the center of mass to hydrogen atom distance in water
is well known,b=0.98 A, theQ dependence of the rota-
tional ISF is fully determined. Fo® range up toQb=2.5
; I . only four terms of this expansion are needed.

The d(_acouplmg apprOX|mat|on.de=H(Q,t) [10-12 is X\model for the first-orger rotational correlation function,
the working hypothesis most widely used to accuratelycl(t) [3] has been proposed recently on the basis of MD

model water dynamics. It assumes tha(Q,t) is the prod- simulation results. It applies the same picture developed for
uct of the ISFs of the center of mass of the water molecule,

F+(Q.1), and of the rotational ISF(Q.1), of the hydrogen the translational dynamics in the relaxing cage model to the

; dth tor of Thi imation has b rotational dynamics: at short time, the water molecule is
atom around the center ot mass. 'nis approximation has begjy,,, g jts neighbors by H bonds, so that its reorientational
tested against MD simulation daf42], and was confirmed

dynamics are frozen, allowing only the harmonic angular
f Vi ENS d Qibrations around the H bond direction. At longer times, the
purpose of analyzing Q ata. . H-bonds break and the water molecule can rotate and trans-

Our previous experiments on hydrated cement pastes i ;
: ) R ate. Thus,C,(t) can be written as the product of a short-
vestigated th€@@<1.2 A range. W'th'.n this loweQ range,  time gaussian part and arirelaxationlike decay at long time
we need only to consider the translational dynamics, which

can be described by the relaxing cage moddl In this Ci(H)=CS(t)exd — (t/7R)PR]. (5)

model, the short-time translational dynamics of water con-

fined in the cage of its neighbors is pictured as a harmonic The short-time rotational dynamics is given [8}

vibration. For longer times, the cage itself begins to relax,

and the molecule diffuses away. This process involves . p{ K w?) ( *wgtz)
1(t)=exp — 3l1-e 2

whereR(Qq,t) is the Fourier transform of the experimental
resolution functionR(Qg,w).

coupled motions of many molecules and is described by a
stretched exponential function. Thus, the translational ISF of

2
3

water is then given by the product of a short-time vibrational w2 W22
dynamics and a long-time cage relaxation +6wit’e 2 — wgt“eTH , (6)
_ES — B
FrQU=FQ.Dexd ~ (t/7r)™] @ where(w?) is the square average angular velocity, related to
the effective moment of inertia of the water molecule in the
where([2] cage andws the characteristic frequency of hindered rota-
tions around the H-bond direction, known to be approxi-
s , o/ 1-C A2 mately 65 meV. The higher-order correlation functions are
Fr(Q.t)=exp — Qg ——(1-e “1'") then generated fronC,(t) using the maximum entropy
@1 method[16]. Equations2)—(6) fully define the ISF in terms
C - of 11 Q-independent parametens; C, w,, w,, 79, ¥, BT,
+ —2(1—e’w2t ’Z)H. (3) (w?), wz, g, and Bg. Among them, four parameters,
w3 w1, wy, andws are known from MD data, through the com-
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FIG. 1. Hydrogen self-intermediate scattering function from ‘& 20 |- E 4
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T 1 Jk | SPC/E water. Our model is seen to be in excellent agreement
00 ' ' : . . ' i with the MD data on ISF up ta¢=100 ps. This gives us

— confidence for the validity of this model for supercooled or
20 T ; intefacial water.

In this communication, the model has been used to ana-
lyze experimental data according to Hd). The following
seven parameters have been used as fitting variables: one
parameter takes into account the fraction of immobile water,
p; three are for the translational dynamieg, vy, and B+;
and three for the rotational ongw?), 7, and Bg. Since
these parameters a€gindependent, the twelve spectra have
been fitted simultaneously using this model. TQalepen-
dence of the energy-transférhas been taken into account
for every data point. Sears expansion has been truncated at
the third term, since foQb< 2, three terms in the expansion
are sufficent. The experimental data and the fitted results are
reported in Fig. 2 for a €S/water paste aged for ten days as
an example. Th& dependence of the line shape is evident,
and clearly shows the relevance of the rotational dynamics
on the high-angle spectra. Considering that the fitting param-
eters areQ independent, the quality of the fit is very good for

FIG. 2. Typical QENS spectra from hydration water in di- all the spectra_, giving further_support to _the v_alidity of the
calcium silicate (GS) after ten days of aging time, at differe@t ~ model. In the figure, the elastic and quasielastic components
values. The lines represent the result of the fitting procedure. Thédashed and dotted lines, respectiyelye shown. The dash-

different components are shown as well.
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terms obtained by Fourier transform of the product of thepaste. The rotational relaxation time remains constant be-
translational ISF to the truncated Sears expansion. The rotaween 15 to 20 ps, about five times longer than the value in
tional component is negligible at lowQ values Q  the bulk water measured at the same temperafiife As for
<1 A™%). However, it becomes more and more importantgy, it is constant initially, but decreases after five months.
for the high-angle spectra taken with the detectors in therheoretically(w?)=kgT/I, | being the moment of inertia
reflection geometry. of the water molecule in the cage, averaged over different
The experiment has been performed on hydratg8l G- axes. The experimental values are smaller than those ex-
cause this sample shows a slower aging behd@ballow-  ected for a free-water molecule. This finding indicates that,
ing us to collect data for longer times, with better statistics.q e to H bonding, the rotation of water is hindered, resulting

In the following, we show the aging dependence of the pa;,, a higher effective moment of inertia.

rameters describing the dynamics of the water molecules. In In this communciation, we have analyzed QENS data tak-

Figs. 3b)-3(d), the translational parameters are reported.ing into account both translational and rotational dynamics

The characteristic relaxation time is constant in the first ten . .
. . . of water in a hydrated cement paste using a recently pro-
days, however it shows a noticeable increase over a longer

period (five monthg. This behavior agrees with previous posed model._The res_ults OT th_e transfational dynam_ics are in
findings on the same sample that do not show any deperzla_greement with previous findings. As far as rotations are
dence of the translational dynamics over four digls The ~ concerned, the dynamics are not Debye-like, though very
exponenty, being close to two, confirms the diffusional Cl0S€ to it at early aging time, but more and more

character of the translational dynamics. The valuegoare Strétched” as the aging time increases. A quantitative aver-
in perfect agreement with the previous measurements ar@@€ rotational relaxation time is given.

show a decrease after ten days. This finding has been aIreadyWe are indebted to Dr. L. Cassétalcementi-CTG for

reported for the €S casd 1] and has been connected to the supDIVng pure samoles of & for this experiment. Research
fact that there is an increased confinement condition of watet-FPY'"9 P b S b N .
t MIT is supported by a grant from Materials Chemistry

in the microporous structure of the gel phase as aging tim
P ge’ p 9ing UM, ogram of US DOE Contract No. DE-FG02-90ER-45429.

increases. In Fig.(@) we report the values gf as a function
of aging time. The parameter shows a slow increase for thE-F- @nd P.B. acknowledge support from CSGI and MURST.

first ten days, followed by a noticeable increase after fivel N8y have enjoyed hospitality of the Nuclear Engineering
of the rotational dynamics are reported. They suggest that tHeinally, we are grateful to the Center for Neutron Research
rotational dynamics are not affected by the aging of the(NIST) for allocating neutron beam time at FCS.
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