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Density Measurement of 1-D Confined Water by Small Angle Neutron Scattering Method:
Pore Size and Hydration Level Dependences
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Small angle neutron scattering (SANS) is used to measure the absolute density of water contained in 1-D
cylindrical pores of a silica material MCM-41-S with pore diameters of 19 and 15 A. By being able to suppress
the homogeneous nucleation process inside the narrow pore, one can keep water in the liquid state down to
at least 160 K. From a combined analysis of SANS data from boeth &d QO hydrated samples, we
determined the absolute value of the density of 1-D confined water. We found that the average density of
water inside the fully hydrated 19 A pore is 8% higher than that of the bulk water at room temperature. The
temperature derivative of the density shows a pronounced pebk=at235 K signaling the crossing of the
Widom line at ambient pressure and confirming the existence of a fidigidid phase transition at an elevated
pressure. Pore size and hydration level dependences of the density are also studied.

Among many thermodynamic anomalies of water, the most state while the latter (LDL) is in a less fluid st&& This change
notable one is the existence of the density maximum at 277 K of hydration water mobility at the crossover may trigger the
and the minimum at 203 k? The presence of these density so-called glass transition in protéih.

extrema imply the existence of the hypothetical liguiidjuid Small angle neutron scattering method can be used to measure
critical point (LLCP) hidden in the deeply supercooled tem- the average density of water in the pore. The reason is that the
perature in-between these two extrema at an elevated préssureneytron scattering intensity is proportional to the square of the
Recent neutron scattering experiméatsd molecular dynamics  gifference of the scattering length density (sld) between the
(MD) simulation$ render further support of the existence of  confined liquid and the substrate. The sld of a molecular liquid
the LLCP. A reliable determination of the equation of state, s equal to the number density of the liquid times the scattering
such as the density as functions of temperature and pressure, ifength of the molecule. Since the scattering length of a nucleus
thus essential in verifying the location of the LLCP in the phase (oes not change with temperature, the temperature variation of
diagram. Scientists have been studying the density of super-ihe siq is directly proportional to the variation of the number
cooled water since 1837n 1987, Hare and Sorensen measured gensity (or the mass density) of the liquid. In 1993, the relative
the density of supercooled water at its homogeneous nucleationyensities of water and ice were measured in porous solids and
temperature{239 K),' the limiting temperature below which 5 montmorillonite clay? In the case of water confined in MCM-
bulk water cannot remain in the liquid state. A confining 41 que to the 2-D hexagonal structure of the silica matrix, the
substrate, such as nanoporous silica material MCM-41, can bescattering intensity distribution displays a peak. The height of
used to inhibit the crystallization process and the (_:onflned water this diffraction peak reflects the square of the mass density of
can be supercooled down to at least 160 K. This trick allows he confined liquid since the density of silica has a very weak
us to" study the relaxational behavior of water in this “no-man’s temperature dependence in the temperature range studied. We
land -4_ o . used DO instead of HO to do the density measurement since
Besides its importance to fundamental physics of water, e coherent sld of BD is much larger than that of 0. Hence
confined water exhibits many novel liquid properties found in ; ig easy to see the temperature dependence of the density of

living c_eIIs.8 Density of water near a hydrophilic or a hydro- 5 through the diffraction peak height. Using this method,
phobic interface reflects the special hydrogen-bond configuration o have shown recently that water has a density minimum in

near the confining surface of the substrate. For example, protein, supercooled region which has never been found béfore.
hydration water has been showo have the similar fragile- s article, we improved the method of density measurement

to-strong dynamic crossover (FSC) as the confined water in ¢ iher and developed a new way to determine the absolute
MCM-414 The FSC marks the crossover of the local structure density of 1-D confined BD by simultaneously taking the

of water from predominantly a high-density liquid (HDL) to a SANS data of RO and HO.

low-density liquid (LDL). The former (HDL) is in a more fluid The measured water density shows a smooth transition from

*To whom correspondence should be addressed. E-mail: sowhsin@ & high-density level to a low-density level, which was predicted

mitT.edu. . by MD simulations>13.14 Combining the experimental results
Massachusetts Institute of Technology. of the transition between the low density (LDA) and the high
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$ National Taiwan University. density amorphous solid water (HDA}!¢a complete picture
U University of Maryland. of water in the low-temperature region emerges. Although more
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data are needed to map out the temperature dependence of 15
density along many high pressure isobars, in this paper we (A)
demonstrate that in principle this method is capable of locating Structure Factor S(Q)
the LLCP if it exists. L R
Using this new method we found that the average density of T .. v
D0 confined in the fully hydrated MCM-41-S-19 is 8% higher e ; \
than that of the bulk BO at room temperature. This result is /
supported by MD simulatiod$'8and by a direct measurement Particle Structu;t; AL x
of the density of the hydration water on protein surf&te. 05 Factor P(Q) P
SANS experiments were performed at NG7, a 30-m SANS 1
spectrometer, in the NIST Center for Neutron Research (NCNR).

The incident neutrons have an average wave leigth5 A e

with fractional wavelength spread &fi/A = 10%. Sample to = s .

detector distance was fixed at 6 meters, covering the magnitude ~ 15~ T
of the neutron wave-vector transfer Q range from 0.008 to 0.35 (B)

¥ H:0(260K)
¥ H:0(160K)
e D:0(260K) -
o D:0(160K)

A-L This Q range covers the first Bragg peak (due to the
hexagonal array of silica pores) which is used as an indicator
of the density of water in the sample. 1

The sample consists of MCM-41-S powder, which is made
of a micellar templated mesoporous silica matrix and has 1-D
cylindrical pores arranged in a 2-D hexagonal latfiég.
Synthesis and characterizations of MCM-41-S were described 057
in ref 20 in detail.

The sample is hydrated by exposing it to water vapaiQD
or H,O) in a closed chamber until it reaches the fully hydration
level (approximately 0.5 g of fD/1 g of MCM-41-S) at room 0
temperature for the 19 A sample. We controlled the hydration
process of the 15 A sample to reach 85% of its fully hydration _ _ o
level. We made measurements at a series of temperature{'gure 1. Model analysis of SANS intensity distribution of fully

- . ydrated sample in 19 A pores. (A) The open circles show the SANS
between 140 and 290 K in a step of 10 K (or 5 K) to monitor data. The solid line represents the fitted curve using the model given

the variation of the density in the supercooled and at the lowW- i, the text. The dash-dotted line represents the structure factor of the
temperature region above the melting point for th@Dydrated 2-D hexagonal lattice (the third factor in eq 2). The dashed line
sample. The BD sample was measured at two temperatures, represents the particle structure factor of the cylindrical tube ¥ D
160 and 260 K, to make the calibration. column (the second factor in eq 2). (B) Comparison of the spectrum

| ¢ tteri . ts. th tteri int it of D,O hydrated sample and.8& hydrated sample at two temperatures.
_In neutron scattering experiments, the scatlernng INeNnSIty 1, seattering intensities of,D hydrated sample are lower than which
distribution reflects the 3-D Fourier transform of the spatial of 1,0 hydrated sample. But the intensity variation as a function of

structure of the sample. A peak in the scattering intensity the temperature change is higher due to the relatively higher sld of
distribution reveals a periodical structure of the scattered centerD:O sample. This figure also shows good agreement between the
in the real space. The powder sample of MCM-41-S consists experimental data (symbols) and the model fitted curves (solid lines).
of a collection of micron size grains and in each grain a bundle

of cylindrical pores arranged in a 2-D hexagonal lattice. Figure MCM-41-S is 4.006x 10'* cm™2 which is independent of

1 shows SANS peaks of the 19 A sample situate@at 0.19 temperature in this temperature range.

016 018 020 022 024

Ail, Wh|Ch iS related to the centecenter diStanCG Of the The normahzed partlc|e structure fac“_a(Q) of a |Ong QL
cylindrical pores in the hexagonal structure &y= 27/Q; ~ > 27) cylinder isP(Q) = 7/QL(2J,(QR/QR)2,2? whereL and
33 A. R represent the length and the radium of the cylinder, respec-

SANS intensity distributiori(Q) of an isotropic sample is tively, andJ; is the first-order Bessel function of the first kind.
given by 1(Q) = nV,2(Ap)?P(Q)Q) after the interfacial The structure factoB(Q of a perfect 2-D hexagonal lattice is
scattering between grains has been subtracted from the signala series of delta functions (Bragg peaks) situate@oat 0, Q;

n is the number density of the particle or the scattering unit = 2z/a, Q;= +/3(27/a)..., wherea is the length of the primitive
(the 1-D cylindrical column in this caseY, is the volume of vectors of the 2-D hexagonal lattice. Except @y, all of the

the scattering unitAp = pp — pe is the difference of the  Bragg peaks will broaden due to defects of the lattice and can
scattering length density (sld) between the water colppand be well approximated by a Lorentzian function. Therefore, the
the silica matrixpe, P(Q) is the normalized particle structure  neutron intensity we measured in tQg peak region (0.£0.3
factor of the scattering unit, an8(Q is the inter-particle A-1) is expressed as

structure factor. The slg, can be rewritten ag, = apg",

wherea = (Na Y bi)/My, Na is Avogadro’s numbery,, is the 1(Q) =

molecular weight of watet, is the coherent scattering length 1

of the ith atom in the scattering unit, angf is the average , , 7 [23(QR)? ST

mass density of the water column. The sld of the silica matrix NV, (a0 — o) oLl oR o  ETRETERY 1)
pe can be determined by a contrast variation experirfeAt. (Q - E) + (é r)

contrast variation experiment was performed and showed that
the match point corresponds to the molar ratio ofID[H,0] wherel is fwhm andCy is a temperature-independent constant.
= 0.66:0.34. Therefore, the sla. of the confining material Combining all constants, we obtain
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2 1 I_, 120 —r—/————7————"7T 77
JI(QR) 2 [
(Q=C= - 2 @) 1.16 | -
Q R _ 27\2 N 1 r 2 . I |
Q a 5 e 112 D,0 bulk liquid
[&] i
where the new prefacto€ = G((xpg1 — pe)?. Factor G is B 1.08 -
defined asG = 47mC0Vp2/L, which is a temperature-independent =
constant and is only determined by the geometry of the sample. 2 1.04 ]
From the definition ofo,, one can easily calculate that,o = O 100 i

—0.5613x 109 cm/g andap,o = 5.759 x 10'° cm/g. Factor

Partially hydrated
C can be obtained by fitting the intensity curve using formula 006F, \ ., o ]
2. 150 200 250 300 350
To obtain the absolute density of water, there’s only one 0.004 r—————————— '_A'_1'5A
unknown, factorG, that needs to be determined. Considering | (B) = —m19A 1
that the sample geometries are kept identical during different
measurements, fact@ can be canceled out by combining two o 0002 - 1
measurements. In our experiment, we measured the scattering § |
intensity of the DO hydrated sample and the,® hydrated S
sample at 160 and 260 K (see Figure 1). Assuming at these 5 0.000 |- -
temperaturepp o = 1.10} o, we wrote S i £ |
pm — 1+ﬁ (3) -0.002 PR I NS N U RN REPRN R
D0y o8 + oy 0/1_1'oe 140 160 180 200 220 240 260 280 300
2 2

T(K)
wheref = [Cp,0/Cp,0] 2 Using the density of BD extracted Figure 2. (A) Average DO density inside the 19 and 15 A pores

at 260 K, the factoiG is determined. Then one can calculate measured by SANS method as a function of temperature. The open

the absolute values of £ density for the whole temperature triangular symbols are the density data for bubOCtaken from CRC
range handbooks It shows that the density of confined:O in fully hydrated

- e pores is 8% higher than bulk;D at room temperature.,D density
Figure 2A shows the average® densities in the 19 and 15 ;" nartially hydrated pores is lower than that of bulk water because of

A pores versus temperature. The plot shows a smooth transitionthe existence of a partially empty central core. (B) The curvelaf (

of D,O density from a high level to a low level. A density 4T), vs T. (Density data were smoothed before calculating their
minimum occurs at 216t 5 K, which coincides with our  derivatives.) Each curve shows a pronounced pedk at 235+ 5 K,
previous publicatio.dp/dT|, as a function off can be extracted v_vhi(2:4h is the temperature corresponding to the crossing of the Widom
from thep vs T curve (see Figure 2B). This is a quantity which In€* at ambient pressure.

is proportional to the thermal expansion coefficiegt= —1/
p(3p/dT)p. It shows a pronounced peak at 2355 K. Since it

is known that the absolute value of the thermal expansion St
coefficient peaks at the Widom line above the critical pht of the SANS method (about 10 A), the measured density is the

this result reinforces the plausibility of the existences of the average density of the confined liquid in the pores. The accuracy

Widom line and the associated LLCP. Plots of different pore ©f this measurement depends on the error bars of the SANS
sizes show almost the same peak positions. Therefore, althougHntensities around the peak position. From our analysis, our
the absolute density of water in nanopores is different from that Méasured density has an error within 0.1%, which means the
of bulk water, its temperature derivatidg/aT], is independent results are reliable and do not sensitively depend on the fitting
of the absolute value of the density. Our experiment shows that Model.
the peak position of this quantity is independent of pore size.  This is the first experimental report of the measurement of

Our previous neutron scattering experiments and NMR self- the absolute density in 1-D confined water. At room temperature,
diffusion constant measurements show that the FSC temperatureur result shows that the density of confined water in a fully
of H,0 is atT, (H,0) = 2254 5 K at ambient pressurel® The hydrated 19 A pore is 8% higher than that of the bulk water.
value T (D2O) = 2354 5 K for the FSC temperature of,D Experiments and simulations show that there is a water shell
estimated in this paper is thus reasonable because of the well-close to the confining surface. The density of this layer of water
known fact that thermodynamic quantities of@usually have is 10% to 15% higher than that of bulk wafér!® The pore
a shift of several degrees to the higher temperature sidediameter of our sample is 19 A and the thickness of the surface
compared to that of pD. For example, the density maximum layer is estimated to be 3 A. From a simple calculation, we
of D,O occurs at 1EC at ambient pressure instead of@ for obtain the volume ratio of the central water to the shell water
H,0. MD simulations predicted that when pressure goes higheris about 4 : 5. Assuming the density of the shell water is 15%
approaching the critical point, the peak &/dT|, becomes higher than that of the bulk water, we find the density of the
increasingly higher and eventually diverges at the LI°GHs central water is the same as that of the bulk water. To verify
plausible that using the method described above, one canthis result, we measured the water confined in partially hydrated
eventually locate the LLCP by monitoring the growth of the pores of 15 A diameter with about 85% of the fully hydration
peak height 0Bp/3T|p. level. Since water forms the shell layer fif8the 15% lowering

In principle, the density of any liquid that is confined in an of hydration level is almost all taken from the central water
ordered structure can be measured using the method discussetbulk water). The average density should drop about 5%
above. The only requirement is that the sld of the confined according to a similar calculation. The curves shown in Figure
material and the substrate have a significant difference. Another2A indicate a rough agreement of the numerical values of the
obvious fact is that the sld of the material should be large measured density with this calculation.

compared to that of the matrix to observe the density changes
as a function of temperatures. Owing to a finite spatial resolution
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In conclusion, we give a method for an absolute density

Liu et al.

(8) Chaplin, M.Nat. Re.. 2006 7, 861-866.

measurement of confined water. We also show the plausibility (9) Chen, S-H.; Liu, L. Fratini E.. Baglioni, P.; Faraone, A;

of the existence of the Widom line by demonstrating the peaking

montov, E.Proc. Natl. Acad. Sci2006 103 9012.
(10) Mallamace, F.; Broccio, M.; Corsaro, C.; Faraone, A.; Wanderlingh,

of the temperature derivative of density. In the previously U, Liu, L.; Mou, C.-Y.; Chen, S.-HJ. Chem. Phys2006 124, 161102.

published resultd,we studied the bulk water properties using
the confined water assuming they have the same density at th
room temperature. Although we verify in this paper that the
interfacial layer of confined water (in MCM-41) has about
10~15% higher density than the bulk water, the main conclusion

(of ref 2) of the existence of the density minimum is still valid.
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