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This article presents a brief overview of an important area of neutron scattering: the general principles and techniques of
elastic, quasielastic and inelastic scattering from a system composed predominately of incoherent scatterers. The methodology
is then applied to the study of water, specifically when it is confined in nanometer-scale environments. The confined water
exhibits uniquely anomalous properties in the supercooled state. It also nourishes biological functions, and supports essential
chemical reactions in living systems. We focus on recent investigations of water encapsulated in nanoporous silica and carbon
nanotubes, hydrated water in proteins and water or hydroxyl species incorporated in nanostructured minerals. Through these
scientific examples, we demonstrate the advantages derived from the high sensitivity of incoherent neutron spectroscopy to
hydrogen atom motions and hydrogen-bond dynamics, aided by rigorous data interpretation method using molecular dynamics
simulations or theoretical modelling. This enables us to probe the inter-/intramolecular vibrations and relaxation/diffusion
processes of water molecules in a complex environment.
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1. INTRODUCTION

Water is a substance intimately connected to life on
Earth and even in the cosmos. All life on Earth, humans
included, are aqueous beings. Water is present in the cells
of all organisms, albeit in various configurations such as
being confined to surface of proteins, compartmented bet-
ween lipid bilayers, or packaged around DNAs, concertedly
supporting all kinds of biological functions - from growth
to reproduction - in a highly regulated manner. All life on
Earth is surrounded in an aqueous environment. Water
continually changes from one form to another via the
hydrologic cycle - from supercooled droplets in the clouds
to surface and underground waters to evaporated vapors -
via intricate pathways and mechanisms. Water is also essen-
tial to the wellbeing of societies and their citizens. Optimal
utilization of water is important to technology, including
the nuclear industry. For example, a nuclear power reactor
cooled by supercritical water attains a 30% higher thermal
efficiency than boiling water reactors [1]. In the case of
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underground storage of nuclear wastes, the waste containers
are to be surrounded by a clay buffer that will absorb the
natural water from the rocks, swell, and eventually form
a barrier to seal the containers permanently from contact
with groundwater [2]. However, if the containers may
eventually be bleached by corrosion - not an unrealistic
scenario over a period of as long as 10,000 years, then the
transport of water confined between the clay platelets as
well as possible exchange of radioactive ions or complexes
in the waste with those in the clay have to be understood
[3]

While many methods can be used to measure the mac-
roscopic properties of water inside biological, geological
and engineering systems, experimental techniques capable
of determining the structure and dynamics of water mo-
lecules under nanometer-scale confinement are scarce.
Neutron scattering is a method of choice because of the
extraordinary large neutron incoherent scattering cross
section of hydrogen atoms, rendering high sensitivity to
hydrogen motion unmatched by optical and x-ray spectro-
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scopies [4]. Furthermore, judicious H-D substitution or
application of high magnetic fields and neutron polarization
analysis can enhance significantly the contrast between
targeted hydrogen groups against the host medium for
structural determination. The spatiotemporal range of
neutron scattering encompasses the 0.01-100 nm and 10*-
10 ns realm that matches well the length and time scale
of short-to-long range order structure, molecular diffusion
and atomic vibrations in water. Additionally, the measured
neutron spectra, as Fourier transforms of particle-particle
space-time correlation functions, can afford quantitative
comparisons in a straightforward manner with those calcul-
ated by computer simulations or theoretical modelling.
Having enumerated the important areas of confined
water in life, environment, and engineering which obviously
are too vast to be adequately covered in depth or in breadth
in a single paper, we hasten to confine the scope of this
article to include water encapsulated in nanoporous silica
and carbon nanotubes as well as water associated with
proteins and adsorbed in nanostructured minerals. Section
II introduces the formulae of neutron scattering functions
and their physical interpretations. Examples of confined
or adsorbed water in selected systems are given in Section
II1, each with a brief description of scientific motivation,
followed by presentation of the neutron data, and discussion
of the results. Section IV presents some concluding remarks.

2. NEUTRON SCATTERING STUDIES OF
MOLECULAR DYNAMICS OF WATER

2.1 Incoherent Elastic, Quasi-elastic and Inelastic
Scattering

Quasi-elastic neutron scattering (QENS) and inelastic
neutron scattering (INS) techniques offer many advantages
for the study of single particle dynamics of water. The main
reason is that the total scattering cross section of hydrogen
is much larger than that of atoms in for example silica or
carbon, composed of oxygen and silicon or carbon. Further-
more, the neutron scattering of hydrogen atoms is mostly
incoherent so that QENS and INS spectra reflect, essenti-
ally, the self-dynamics of the hydrogen atoms in water.
Combining this dominant cross section of hydrogen atoms
with the use of spectrometers having different energy reso-
lutions, we can study the molecular dynamics of water in
a wide range of time-scale, encompassing picoseconds to
tens of nanoseconds. In addition, investigating different
Q values (Q being the magnitude of the exchanged wave
vector) in the range from 0.2<Q<2.0 A", the spatial
characteristics of water dynamics can be investigated at
the sub-nanometer level.

In a typical QENS or INS experiment, one sends in a
monochromatic neutron beam with an incident energy Ei
and wave vector K to the sample and detect the scattered
neutrons with a final energy in an energy interval (E:,E:
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+dEr) and an average final wave vector K by a neutron
detector subtending a solid angle d 2=sinfd #d¢, where
# is a scattering angle. One then computes, from the scat-
tered intensity Is (E,6/) and the incident flux I; (E;), the
double differential scattering cross section & (Ei—E: ,0)=
2o, _ 1(B;0)r?
dQdE = T Ii(E;)
sample and the detector. In the case of incoherent scattering
from hydrogen atoms, the incoherent scattering cross sec-
tion of a hydrogen atom ¢ dominates the scattering signal
because the hydrogen cross section is ten times larger than
all the other atoms. For this case, it can be shown generally
[5] that the double differential scattering cross section is

, where r is the distance between the

j;‘;% proportional to the self-dynamic structure factor of

hydrogen atoms Sw (Q,E) through the following relation:

dQO'H o
dQdE

OH kf
N——=S5 E
Anh kz H(Qa )7 (1)

where E = E; - E; = hw is the energy transferred by the
neutron to the sample; hQ = hk; - hk;, the momentum
transferred in the scattering process; and N, the number
of scattering centers in the scattering volume. The dynamic
structure factor, Sy (Q,E), which embodies the elastic, quasi-
elastic and inelastic scattering contributions, is proportional
to the probability that a neutron transfers a momentum
nQ and an energy E = hw in the scattering process. It can be
expressed as a Fourier transform of the self Intermediate
Scattering Function (ISF) of the hydrogen atom, Fu (Q,t)
= exp{iQ - [r(t) -r(0)]}, according to the equation:

su@w) =5 [ T e Q. @

2 J_ o

In this equation, we use a notation Sy (Q,E) = hSy (Q,®),
the alternative notation of which we shall use in the subse-
quent sections. Fy (Q,t) is the density-density time correl-
ation function of the tagged hydrogen atom being measured
by the neutron scattering. It is, thus, the primary quantity
of theoretical interest related to the experiment. It can be
calculated by a model, such as Relaxing-Cage Model
(RCM), and a molecular dynamics (MD) simulation based
on a phenomenological potential model of water.

2.1.1 Elastic Scattering («= 0)

For analysis of the elastic incoherent-scattering intensity
from hydrogen atoms when they are bound in space, it can
be shown that
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Su(Q,0) = Be~ (i, €)

where {u%) is the mean-square displacement of the
hydrogen atoms and B, a constant. Therefore, (U%) can
be determined experimentally by fitting the integrated elas-
tic intensities from the incoherent scattering collected by
many detectors over a Q range with the above equation.

2.1.2 Quasi-Elastic Scattering [« 5 0]

The QENS data analysis method is presented in the
next subsection. In principle, the full dynamics of bulk or
confined water should include both the translational and
the rotational motions of a rigid water molecule. Given
the fact that in the process of QENS data analysis, we only
focus our attention to ISF with Q <1.1 A, we can safely
neglect the contribution of rotational motion to the total
dynamics [6], which means Fu (Q,t)= Fr (Q,t), where
Fr (Q,t) is the translational part of the ISF.

2.1.3 Inelastic Scattering [« + 0]

For analysis of the inelastic-scattering intensity domina-
ted by incoherent scattering from hydrogen atoms, the
neutron-weighted vibrational density-of-states (DOS) of
hydrogen atoms can be approximated by

,’uz \:‘Qz
M, E e’

2
GulB) =35 w(E)+1\ O

SQE)). ¥

where My is the mass of hydrogen atom and n(E) is the
Bose-Einstein distribution function, and <...) represents
the average over all observed Q values.

2.2 Relaxing-Cage Model [RCM) of the Single-
Particle Dynamics of Water

During the past several years, we have developed the
Relaxing-Cage Model (RCM) for the description of trans-
lational and rotational dynamics of water at supercooled
temperatures. This model has been tested with MD simul-
ations of SPC/E water, and has been found to be accurate.
It has been used to analyze many QENS data from super-
cooled bulk water as well as interfacial water [7-11].

On lowering the temperature below the freezing point,
around a given water molecule, there is a tendency to form
a hydrogen-bonded, tetrahedrally coordinated first and
second neighbor shells (cage). At short times, less than
0.05 ps, the center of mass of a water molecule performs
vibrations inside the cage. At long times, longer than 1.0 ps,
the cage eventually relaxes and the trapped particle can
migrate through the rearrangement of a large number of
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particles surrounding it. Therefore, there is a strong coupling
between the single particle motion and the density fluctu-
ations of the fluid. The mathematical expression of this
physical picture is the so-called Relaxing-Cage Model.

The RCM assumes that the short-time translational
dynamics of the tagged (or the trapped) water molecule
can be treated approximately as the motion of the center
of mass in an isotropic harmonic potential well provided
by the mean field generated by its neighbors. We can, then,
write the short time part of the translational ISF in the
Gaussian approximation, connecting it to the velocity auto-
correlation function, {Vem (t) - Vem (0)), in the following
way:

Fi(Q,t) = exp {_thzm»}
®)
= {‘Q2 [ / = 7)) 'ﬁCM(T))dT} }

0

Since the translational density of states, Zr (@), is the
time Fourier transform of the normalized center of mass
velocity auto-correlation function, one can express the
mean squared deviation, {ricu(t)), as follows:

(7 0) =3 4h) [do 2o 1 =coson). (9

where (Vim) = V3O+V2)+(v2) =3v2=3ksT/M is the
average center of mass square velocity, and M is the mass
of water molecule.

Experiments and MD results show that the translational
harmonic motion of a water molecule in the cage gives rise
to two peaks in Zr (@) at about 10 and 30 meV, respectively
[12]. Thus, the following Gaussian functional form is used
to represent approximately the translational part of the
density of states:

w2 w2
Jr(w)=(1-C)———exp | —
W) = (=) ot p[ M} @
2
_‘_Cwiexp _

w2
w% \/ 27Tw% [ @]

Moreover, the fit of MD results using Eq. (7) gives C =
0.44, w; = 10.8 THz and w, =42.0 THz.

Using Egs. (5-7), we finally get an explicit expression
for FT (Q,t):
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F2(Q,1) { 22 { (1 - e—wft2/2)
.
w3
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Eq. (8) is the short-time behavior of the translational
ISF. It starts from unity at t = 0 and decays rapidly to a flat
plateau determined by an incoherent Debye-Waller factor

A(Q), given by:
w»{-er[ 5 5}
“i g ©)

= exp [—Q2a2/3]

AQ) =

where a is the root mean square vibrational amplitude of
the water molecules in the cage, in which the particle is
constrained during its short-time movements. According
to MD simulations, a=0.5 A is fairly temperature inde-
pendent [13].

On the other hand, the cage relaxation at long-time can
be described by the standard a-relaxation model, according
to the Mode-Coupling Theory (MCT), with a stretched
exponential having a structural relaxation time 77 and a
stretch exponent f. Therefore, the translational ISF, valid
for the entire time range, can be written as a product of
the short time part and a long time part:

Pr(Q.) = Fp@.t)exp [~ (t/mr)"]  (10)

The fit of the MD generated Fr (Q,t) using Eq. (10)
shows that 77 is Q- dependent, obeying the power-law:

7 = T10(aQ)™7, 11

where 7 is <2, with a slight dependency on Q, and f <
1 is slightly Q dependent as well. In the Q—0 limit, one
should approach the diffusion limit, where »—2 and f—I.
Thus the translational ISF can be written as: Fr (Q,ty=exp
[-DQ], D being the self-diffusion coefficient. In QENS
experiments, this low Q limit is not usually reached, and
both Band ¥ can be considered Q independent in the limited
Q range of 0<Q <1 [9,10].

We define a Q-independent average translational
relaxation time

(rr) = (10/B)L'(1/B), (12)
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which is convenient quantity to be extracted from the
experimental data by the fitting process of RCM. This
quantity can be identified to be proportional to the a-
relaxation time which dominates the long-time decay of
the ISF in low temperature water. Combining Eqgs. (1),
(8) and (10), we can calculate the theoretical values of Su
(Q,w) and compare it directly with its experimental spectral
data.

2.3 Methods of Neutron Spectroscopy

QENS and INS measurements were performed using
the High-Flux Backscattering Spectrometer (HFBS) and
the Disc-Chopper Spectrometer (DCS) at the NIST Center
for Neutron Research (NCNR), and the High-Resolution
Medium-Energy Chopper Spectrometer (HRMECS) and
the Quasielastic Neutron Spectrometer (QeNS) at the
Intense Pulsed Neutron Source (IPNS) of Argonne
National Laboratory. Recalling the fact that 1 meV is
equivalent to 11.6 K, neutron spectroscopy can be
subdivided into cold, thermal, and epithermal neutron
scattering according to the energy transfer E with loose
respective boundaries of 1-8, 8-80 and above 80 meV. The
reactor-based spectrometers at NCNR use cold neutrons
generated by the reactor cold source to attain the best
energy resolution: ~0.8 peV for HFBS [14] to ~20 peV
for DCS [15], which is essential to the measurements of
slow dynamics, i.e., relaxation and diffusion processes in
low-temperature water. IPNS, on the other hand, is an
accelerator-based spallation source, which always
undermoderate the neutrons even with cryogenic
moderators in use. Thus the plantiful epithermal neutrons
benefit a complete measurement of intermolecular and
intramolecular vibrational modes extending to hundreds
of meV using the IPNS instruments. HRMECS [16],
being a direct-geometry time-of-flight spectrometer
operating at fixed (selected) incident neutron energy Ei,
yields an energy resolution 4E/E; varying from about 4 %
at the elastic region to about 2 % near the end of the neutron
energy-loss spectrum. Therefore, by choosing different
incident energies, e.g., 50, 140 and 600 meV, the entire
inter- and intramolecular vibrational spectrum of water
can be measured with good resolution. QeNS is a crystal-
analyzer spectrometer covering a dynamic range of 0-
100 meV with 4 E/E= 4-5 % and an elastic resolution of
80 peV.

All the spectrometers are equipped with detectors
covering a wide range of scattering angles which enable
simultaneous data collection at different wave vectors. A
specific sample environment with respect to temperature,
pressure, atmosphere, etc., is maintained and controlled
by a proper ancillary equipment. The background scattering,
such as from a sample holder or from a dry sample, was
removed by subtracting the corresponding empty-holder
and dry-sample run from the overall dataset. Measurements
of neutron standards (vanadium, D,O, Cd absorber, etc.)
provided incident-spectrum normalization, detector calibra-

NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.38 NO.3 APRIL 2006



CHEN et al,, Neutron Scattering Investigations of Proton Dynamics of Water and Hydroxyl Species in Confined Geometries

tion and correction for sample attenuation.

2.4 QENS Data Analysis

When we use RCM to analyze spectra from QENS
experiments, we usually observe an additional presence
of a pronounced elastic component superimposed on the
top of quasielastic broadening [11]. The presence of this
elastic component is clearly detectable at most temperatures
and Qs, even with the broader resolution of DCS.

Defining the magnitude of the wave vector transfer Q,
corresponding to the scattering angle ¢ at the elastic channel
as Qo="1"""/: we can analyze the experimental data
according to the following model:

S(Q,w)

— PR(Qo,w) (13

where p is the fraction of the elastic component, Fy (Q,t) =
Fr (Q,t) is the ISF of hydrogen atoms which defines the
quasielastic scattering, R (Qo,t) is the experimental resolution
function, and the symbol FT denotes the Fourier transform
from time t to frequency .

Taking the weight of the elastic component p as a fitting
parameter, we obtain the temperature dependent values for
p. However, in this way we were trying to evaluate contri-
butions from: (i) the hydrogen atoms of surface silanol
groups in the silica materials [17]; and (ii) the water mole-
cules interacting strongly with surface silanol groups via
hydrogen bonds.

For temperatures lower than 270 K, the fraction of the
elastic component seems to increase, whereas for T =270
K a plateau is reached. The fast increase as lowering tem-
perature is obviously connected to the slowing down of
water dynamics near the surface. In the mean time, the
plateau value is then the scattering due to the hydrogen
atoms of surface silanol groups. The surface silanol groups
are so well organized and strong that they may be seen as
temperature independent. For this reason, to obtain consis-
tent results and only take into account the contribution from
the surface silanol groups as the elastic component, we
have fixed p to its plateau value at high temperatures [11],
when analyzing the data from different spectrometers.

3. SCIENTIFIC EXAMPLES

3.1 Fragile-to-Strong Transition in Supercooled
Water Confined in Nanoscale Porous Silica
Materials
Glass is an amorphous solid form of matter that results

when a fluid is supercooled or compressed in such a way
that it bypasses crystallization. Many types of materials
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are capable of glass formation, such as molecular liquids,
polymers, metal alloys and molten salts. Given such diver-
sity of materials, a general scheme, by which different
glass-forming materials can be systematically classified
according to their relaxational behaviors, is useful. One
such scheme is the classification of glass-formers accor-
ding to their ‘fragility’. Fragility measures the rate with
which transport properties of a liquid, such as structural
relaxation time 77, viscosity 7 or the inverse self-diffusion
constant 1/D, change as the glassy state is approached from
the liquid side by lowering temperature.

By convention, the glass transition temperature Tq is
where the viscosity 7 reaches a value of 10'* Pascal-second
(Pa-s) or the structural relaxation time 7y reaches an order
of 100 second. The approach to this large 7 or zr, however,
differs from one liquid to another. When displayed in an
Arrhenius plot of log 7 (or log 1) versus inverse tempera-
ture 1/T, some liquids (such as silica) show a steady, linear
increase, while others display a much steeper dependence
on 1/T (such as o-Terphenyl). The former are called ‘strong’
liquids, and the latter, ‘fragile’ liquids. Thus, the glassy
liquid is called ‘fragile’ when its viscosity or relaxation
time varies according to super-Arrhenius law, such as the
Vogel-Fulcher-Tammann (VFT) law:

DT, /(T—To) (19

T = T1€

where T is the temperature of an apparent divergence of
the relaxation time (or sometime called Kauzmann tem-
perature); the magnitude of D gives the degree of fragility;
and 7, is a prefactor related to microscopic vibrational relax-
ation time inside the cage forming by neighbors in the liquid
state. The liquid is called ‘strong’ when the viscosity or
relaxation time obeys Arrhenius law:

rp = T efa/RT (15)

where Ea is the energy barrier for the relaxation process
and R, the gas constant [18].

For water, which is a fragile liquid at room temperature
and at moderately supercooled temperatures, Angell and
coworkers [19] proposed that a ‘fragile-to-strong’ transition
would occur at around 228 K at ambient pressure, based
on a thermodynamic argument. But supercooled water
nucleates into hexagonal ice at and below Ty =235 K, so
this transition lies in an inaccessible region of temperatures
and it has not been observed directly so far [20]. By contain-
ing water in small cylindrical pores (pore size <18 A) of
MCM-41-S, we were able to circumvent the homogenous
nucleation process and supercool water down to 160 K.
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Fig. 1. Microscopic structures of MCM-41-S and MCM-48-S
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Fig. 2. This figure shows XRD patterns of MCM-41-S samples
with different pore sizes taken at room temperature and
ambient pressure. The sharp XRD peaks show that the samples
are well-ordered. The (1 0 0) peak (the highest peak) is related
to the d-spacing according to the rule : 2d sin (6) = A, where A
= 1.54 A and @ is in degree. Since the samples do not show a
peak at the high angle region, it means that we have just one
phase (pure phase). The number above each curve indicates the
average pore diameter of that sample.
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Fig. 3. DSC curves of water inside MCM-41-S samples having
different pore sizes (indicated by the numbers above the
curves). The sharp negative-going peaks signal the freezing
temperatures. It is noted that the samples with pore size < 18 A
do not show an obvious freezing peak.

3.1.1 Sample Characterization

We did experiments initially with two kinds of samples
having different pore geometries, MCM-41-S and MCM-
48-8S, to extract most of our results and compare with RCM
prediction and MD simulation results. Fig. 1 shows the
schematic microstructures of MCM-41-S and MCM-48-
S. The former matrix has 1-D cylindrical tubes arranged
in a hexagonal structure whereas the latter has a 3-D bicon-
tinuous morphology.

In this section, we discuss only the case of MCM-41-S
nanoporous silica materials, which is synthesized by using
copolymer micelles in its cylindrical liquid crystalline phase
as a template. Similar to synthesizing MCM-48-S [21], to
make the mesoporous materials together with short surfac-
tant (C:,TMAB), we employed small quaternary ammoni-
um ions, TEAOH, to separately develop zeolitic nanocluster
as silica precursor. In this way, we will get MCM-41-S with
smaller pore sizes and stronger silica walls than traditional
ways [22-24].

The synthesized samples have been characterized using
x-ray powder diffraction (XRD), nitrogen adsorption-
desorption and differential scanning calorimetry (DSC).
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The XRD patterns of the samples show that the MCM-
41-S had hexagonal (P6mm) symmetry, as shown in Fig. 2.
All the samples exhibit high hydrothermal stability.

The melting/freezing behavior of water in the samples
(fully hydrated) has been checked by DSC measurements.
According to the Gibbs-Thomson equation, the melting
point of small crystal is proportional to the crystal size,
which, in this case, is equal to the pore size of the material.
Thus, one expects the liquid state of water would persist
to very low temperature if the pore size can be made suffi-
ciently small. In Fig. 3, the DSC curve shows the melting
points which are specified by the temperatures at the posi-
tions of the inverted peaks. For samples with pore size >
19 A, we do see a small peak near 0°C which is due to the
water outside the nanochannel (unconfined). For samples
having pore sizes <18 A, we do not see any abrupt melting
transition near 0°C, indicating that there is no water residing
outside the channel. Furthermore, the water inside the chan-
nel does not freeze all the way down to 180 K.

3.1.2 Motivation

The interest of the scientific community for the proper-
ties of water confined in nanoporous matrices at super-
cooled temperatures has a twofold basis. On the one hand,
confining water in nanometric cavities allows us to study
water in deeply supercooled states. This temperature range
is of fundamental importance to science of water. At ambi-
ent pressure, bulk liquid water shows an anomalous increase
of thermodynamic quantities and an apparent divergent
behavior of transport properties, on approaching the singular
temperature T, = 228 K [25], which lies below the homo-
genous nucleation temperature Ty. Thus, there is a lack of
experimental data in this temperature range, which hampers
the verification or the rejection of the different physical
pictures proposed to explain the origin of the anomalous
behavior of water. On the other hand, in many real life
systems water is not in its bulk form but is located near
surfaces or contained in small cavities. It is the case, for
example, for water in rocks, in polymer gels, and in biolo-
gical membranes [26]. In addition, the properties of water
in porous silica glasses, such as Vycor, and silica gel, are
relevant in catalytic and separation processes. The above
two lines of interests are obviously closely related, as the
clarification of the fundamental properties of water is likely
to be the key for understanding the behavior of many real
life systems. For example, in the case of enzymatic activity
of protein, it has been found that the onset of protein activi-
ties is strongly correlated to the onset of orientational fluc-
tuations that initiate structural rearrangements within the
transient H-bond water network surrounding the protein
[27,28]. Therefore, the study of the dynamics of water
confined in nano-pores as a function of temperature and
pressure is relevant in understanding important effects in
systems of interest in biology, chemistry, and geophysics
[29,30].

Due to the facts mentioned above, both the structure
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and dynamics of water in confined geometries have been
widely studied using MD simulations and different experi-
mental techniques. MD simulations of the extended simple
point charge (SPC/E) model of bulk water have furnished
relevant results for understanding the dynamics of super-
cooled water [13,31-34]. From the analysis of these results,
the RCM for the translational and rotational dynamics of
water at supercooled temperatures have been developed
[31,32]. In addition to this, MD simulations of SPC/E water
confined in silica nanopores have been carried out as well
[35,36]. The interaction between the hydrophilic surface
and the water molecules has noticeable effects on the struc-
ture of the first and second layer of water near the pore
surface [17]. As far as the dynamics is concerned, when
confined near hydrophilic surfaces, water molecules are
in the glassy state. In general, the water molecules show
a dynamics similar to that of supercooled water [35,36]
at a lower equivalent temperature of some 30 degrees
[27,37].

Experimentally, the structural properties of water at
supercooled temperatures [38] and in confinement [39]
were studied extensively using x-ray and neutron diffrac-
tion. On the other hand, the relaxational dynamics of water
confined in mesoporous matrices were studied using dielec-
tric spectroscopy [20,40-44] and different nuclear magnetic
resonance (NMR) techniques [45-48].

This section presents a systematic investigation of tem-
perature and pressure dependences of dynamics of water
inside nanoporous silica materials. The temperature range
covers from room temperature down to deeply supercooled
states, and the pressure ranges from ambient to 2400 bar.
QENS data collected are analyzed according to a single
consistent model RCM, which is valid for bulk as well as
confined water as was shown by MD simulation [13,31-
36].

3.1.3 QENS Experimental Results

The quasielastic broadening has been analyzed accor-
ding to the RCM as described in the previous section.
Fu (Q,t) is described in terms of seven parameters (from
Egs. 1, 8, 10, 11 and 13), C, w,, w,, 7, 7, fand p. Three of
them are related to the short-time dynamics, namely C, @,
and w,. The short-time dynamics is not strongly temperature
dependent, according to MD simulation results. On the
other hand, the quasielastic broadening is mostly determined
by the long-time dynamics. Therefore, the values of C, @,
and w, are fixed according to the MD simulation results
[11], which were tested by the experimental results from
INS with a satisfactory agreement [31,32].

The remaining four parameters, namely p, ,, 7, can
then be determined from the analysis of a group of low-Q
QENS spectra. We report the results of our analysis with
the values of p fixed to their plateau values.

We show in Fig. 4, as an example, two sets (temperature
series) of QENS area-normalized spectra taken at HFBS
and DCS spectrometers. As can be seen, RCM analysis
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Fig. 4. This typical QENS spectra of hydrated MCM-41-S-14 sample show that RCM analysis agrees well with experimental data.
The left-hand panels show the spectra taken from HFBS with resolution of 0.8 peV. The right-hand panels are the data taken from
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Fig. 5. Temperature dependence of {(z) plotted in log ({(z)) vs T,/T scale. Data at ambient pressure from H,O confined in MCM-
41-S with different pore sizes are shown in different panels. Solid circles are the experimental data; the dash lines are the VFT law
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agrees well with experimental spectra in all investigated
cases. It is remarkable that using four parameters we were
able to reproduce the data from 9 (DCS), and 7 (HFBS)
constant-angle spectra. On the other hand, it is clearly
shown in the figure that the quasielastic broadening is
strongly temperature dependent. The width of the peak is
progressively sharpened as temperature is lowered. Thus
T <240 K, the 0.8 peV resolution of HFBS is necessary
to obtain useful data.
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The fitting of the data allowed us to extract parameters
describing the translational dynamics of water, and calculate
the average translational relaxation time, {rr), which will
show the FSC phenomenon and that is the central result
of this paper.

Fig. 5 shows the temperature dependence of the average

translational relaxation times, (rr) = 3T'(1/3), where I"

is the gamma function, 7, and /3 are the characteristic relaxa-
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tion time and the stretch exponent of the translational dyna-
mics, respectively. The resultant (zr) has been fitted to a
VFT law, for T >230 K, obtaining parameters, D, T, and
71 for different pore sizes at ambient pressure. A critical
law, which is usually used for bulk supercooled water,
would fit the data above 240 K, but deviates from the data
below 240 K [49]. At T<225 K, there is a sudden change
in the slope of the 1/T dependence of log {(zr), which can
be fitted with an Arrhenius law. Our best fit to {zr) gives
us Ty values in the vicinity of 200 K, and D values around
2 indicating a very fragile liquid. Our finding is in agree-
ment with the known properties of water below the melting
point and in the supercooled region. In fact, a fragile-to-
strong crossover (FSC) in water was proposed [19] on the
basis of the determination of the fragility of water near
the melting and glass transition temperatures: near Ty water
is a very strong liquid, whereas in the supercooled region
it is the most fragile one. A strong experimental support to
this hypothesis was already given by a dielectric relaxation
investigation of water confined in vermiculite clay [20],
although the actual transition was not observed. It is to be
noted that the crossover temperature T, for different pore
size samples, reported in Fig. 5, does not change within
error bars. Thus we propose that when pore size of confine-
ment is sufficiently small, <18 A, the FSC temperature
is size-independent, which means that FSC is a universal

5k
HRMECS: E, = 150 meV

—o—240K;
----230K;
—«— 220K;
210K;

ice at 9K;
s difference.

4k

3k

G(E), relative unit

Energy transfer [meV]

Fig. 8. The generalized librational density of states G(E) (taken with Q < 2A™) of ice and confined water (within the energy range
from 40 meV to 120 meV) at different temperatures measured with HRMECS spectrometer using incident neutron energy of 150
meV. It should be noted that G(E) of ice (solid line) is characterized by a much steeper leaning edge compared to that of
supercooled water in the temperature range from 210 K to 240 K. The broader G(E) of supercooled water confined in MCM-41-S
with pore diameter of 18 A is seen to be more characteristic of a liquid state. From the behavior of the low-energy cut-off of the
librational band around 50 meV, it is obvious that the state of confined water (its hydrogen bond network) is different at
temperatures above and below 225 K. The difference between the average spectra above and below 225 K is shown to have a clear

peak at around 50 meV (dash-dot-dot line).
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property of supercooled water when the length scale of
confinement is of order of nanometer size.

We have already shown that at ambient pressure, for
fully hydrated MCM-41-S of pore size <18 A, (zr) exhi-
bits a FSC with the same crossover temperature T. = 225
K within error bars. In Figs. 6 and 7, we exhibit the tem-
perature variation of {zr) for water molecules as a function
of pressure. It is seen that the panels in Fig. 6 all show clear-
ly a FSC from a VFT law to an Arrhenius law. This cross-
over, is the signature of a FS dynamic transition predicted
by Ito et al [19], and now extends into finite pressures. The
transition temperature, T., as the crossing point of the VFT
law and Arrhenius law, is calculated by 1/T. = 1/T, - (Dks)
/Ea. However, in Fig. 7, the cusp-like transition becomes
rounded off and there is no clear-cut way of defining the
FSC temperature. Note that while we have done more
measurements at high temperatures at 2000 bar pressure,
shown in Fig. 7B, there is still a hint of fragile behavior
at high enough temperature.

To determine the state of water before and after FSC,
HRMECS measurements of INS were performed on 55
wt % water confined in MCM-41-S with 18 A pore size.
Fig. 8 shows the observed vibrational density of states
(DOS) of confined water at different temperatures as com-
pared with those of ice Ih. It should be noted that G (E) of
ice (solid line) is characterized by a much steeper leaning
edge compared to those of supercooled water in the tem-
perature range from 210 K to 240 K. The broader G (E)
of supercooled water confined in MCM-41-S with pore
diameter of 18 A is seen to be more characteristic of a
liquid state. From the behavior of the low-energy cut-off
of the librational band around 50 meV, it is obvious that
the state of confined water (its hydrogen bond network)
is different at temperatures above and below 225 K. The
difference between the average spectra above and below
225 K is shown to have a clear peak at around 50 meV
(dash-dot-dot line). It is obvious from the figure that the
confined water does not transform into ice at all these
temperatures.

3.1.4 Discussion: the Liquid-Liquid Coexistence
Line and the Associated Widom Line

According to the liquid-liquid phase transition hypothe-
sis [50], to explain the anomalies of thermodynamic and
transport properties of supercooled water, one postulates
the existence of a first order phase transition line between
two phases of liquid water: a low-density liquid (LDL) and
a high-density liquid (HDL). This line is called Liquid-
Liquid (L-L) coexistence line and terminates at a L-L criti-
cal point. It is to be noted that if the state point is on the
L-L coexistence line, one has a two phase liquid consisting
of a mixture of HDL and LDL, just as the gas and liquid
phases are coexisting on the liquid-gas coexistence line
(refer to the p - o diagram of superheated water, Fig. 2.2
of Ref. [51]). The L-L coexistence line extends into the
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one-phase region after terminating at the critical point [52].
This extended line, not being real, is the so-called Widom
line or the critical isochore. The Widom line is defined as
a straight line in the Pressure-Temperature (P-T) plane,
starting from the critical point C* (Pc,Tc ) and extending
into the one-phase region, with the same slope as that of
the L-L coexistence line at (Pc,Tc ). Even though this line
is an imaginary line, experiments of superheated water
show that many thermodynamic quantities and transport
coefficients, such as the isothermal compressibility, thermal-
expansion coefficient, isobaric specific heat capacity,
isochoric specific heat capacity, speed of sound, thermal
conductivity, shear viscosity and thermal diffusivity [51],
show a peak when crossing the Widom line at a constant
pressure.

Summarizing all the experimental results of fully hyd-
rated MCM-41-S-14 under pressure, we show in a P-T
plane, in Fig. 9 [56], the observed pressure dependence of
T, and its estimated continuation, denoted by a dash line,
in the pressure region where no clear-cut FSC is observed.
One should note that the T. line has a negative slope,
parallel to TMD line, indicating a lower density liquid on
the lower temperature side. This Ti. line also approximately
tracks the Ty line, and terminates in the upper end when
intersecting the Ty line at 1600 bar and 200 K, at which
point the character of the dynamic transition changes. We
shall discuss the significance of this point next.

Since T, determined experimentally is a dynamic cross-
over temperature, it is natural to question whether the sys-
tem is in a liquid state on both sides of the T., and if so,
what would the nature of the high-temperature and low-
temperature liquids be? Sastry and Angell have recently
shown by a MD simulation that at a temperature T = 1060
K (at zero pressure), below the freezing point 1685 K, the
supercooled liquid silicon undergoes a first-order liquid-
liquid phase transition, from a fragile, dense liquid to a
strong, low-density liquid with nearly tetrahedral local
coordination [57]. Prompted by this finding, we may like
to relate, in some way, our observed T. line to the L-L tran-
sition line, predicted by MD simulations of water [58] and
speculating on the possible location of the low-temperature
critical point.

According to INS experiments, water remains in disor-
dered liquid state both above and below the FSC at ambient
pressure (Fig. 8). Furthermore, our analysis of the FSC
for the case of ambient pressure indicates that the activation
energy barrier for initiating the local structural relaxation
is Ea = 4.89 Kcal/mol for the low-temperature strong liquid.
Yet, previous INS experiments of stretch vibrational band
of water [59] indicate that the effective activation energy
of breaking a hydrogen bond at 258 K (high-temperature
fragile liquid) is 3.2 Kcal/mol. Therefore, it is reasonable
to conclude that the high-temperature liquid corresponds
to the high-density liquid (HDL) where the locally tetrahe-
drally coordinated hydrogen bond network is not fully
developed, while the low-temperature liquid corresponds
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of bulk water.

to the low-density liquid (LDL) where the more open,
locally ice-like hydrogen bond network is fully developed
[60].

It is appropriate now to address the possible location
of the second critical point [58]. Above the critical tem-
perature Tc and below the critical pressure pc, we expect
to find a one-phase liquid with a density p, which is cons-
trained to satisfy an equation of state: o = f (p,T). If an
experiment is done by varying temperature T at a constant
pres-sure P < pc, @ will change from a high-density value
(corresponding to HDL) at sufficiently high temperature
to a low-density value (corresponding to LDL) at sufficiently
low temperature. Since the fragile behavior is associated
with HDL and the strong behavior with LDL, we should
expect to see a clear FSC as we lower the temperature at
this constant p. Therefore, the cusp-like FSC we observed
should then occur when we cross the so-called Widom
line in the one-phase region [51]. On the other hand, if
the experiment is performed in a pressure range p > pc,
corresponding to the two-phase region and crossing the
L-L coexistence line, the system will be consisting of mix-
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ture of different proportions of HDL and LDL as one varies
T. In this latter case, {zr) vs. 1/T plot will not show a clear-
cut FSC (the transition will be washed out) because the
system is in a mixed state. The above picture would then
explain the dynamical behavior we showed in Figs. 6 and
7. In Figs. 6 and 7, a clear FSC is observed up to 1400 bar
and beyond 1600 bar the crossover is rounded off. From
this observation, the reasonable location of the L-L critical
point is estimated to be at Pc = 1500 + 100 bar and Tc =
200 + 10 K, shown by a big round point in Fig. 9.
Additionally, in a recent MD simulation using TIP5SP,
ST2 and Jagla Model Potential of Xu [61], a small peak
was found in the specific heat Cr when crossing the Widom
line at a constant p. Meanwhile, Maruyama et al.
conducted an experiment on adiabatic calorimetry of water
confined within nano-pores of silica gel [62]. It was found
that water within 30 A pores was well prevented from cry-
stallization, and also showed a small Cr peak at 227 K at
ambient pressure. This experimental result further supports
that the FSC we observed at 225 K at ambient pressure is
caused by the crossing of the Widom line in the one-phase
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region above the critical point [61].

3.1.5 Conclusion on Observation of FSC in
Supercooled Water Confined in MCM-41-S

In conclusion, we make a detail account of our QENS
studies of the dynamics of supercooled water confined in
nanoporous silica materials, MCM-41-S with different pore
sizes and under pressure.

QENS data were analyzed by using RCM model pre-
viously developed by us. Four quantities are extracted from
the analysis: they are p, %, fand 7. In particular, we discuss

the temperature dependence of (7r) = I'(1/(3) at ambi-

ent pressure and noted that the rate of dynamic slowing
down changes abruptly at the temperature around 225 K,
signaling the onset of an avoided structural arrest transition
of a high density water into a low density water. This FSC,
then, has been determined for {zr) at about 225 K.

Moreover, we study the slow dynamics of supercooled
confined water under various applied pressures using HFBS
and DCS. We observe clear evidence of a cusp-like FSC
at pressures lower than 1600 bar. We show, in this section,
that the crossover temperature decreases steadily with an
increasing pressure, until it intersects the homogenous
nucleation temperature line of bulk water at a pressure of
1600 bar. Above this pressure, it is no longer possible to
discern the characteristic feature of the FSC.

This paper elaborates the detailed analysis of experi-
mental data, and in that process, it elucidates the new find-
ing that the FSC is the result of crossing the Widom line
at a constant pressure. We then estimate the location of
the end point of the Widom line which should be the much
anticipated second critical point of water. It is our future
task to search for the locus of the L-L coexistence line and
establish experimentally the existence of the L-L phase
transition phenomena in water.

3.2 A new Discovery of a Dynamic Crossover
Phenomenon in Protein Hydration Water

At low temperatures proteins exist in a glassy state [63,
64], a state which has no conformational flexibility and
shows no biological functions. In a hydrated protein, at
and above 220 K, this flexibility is restored and the protein
is able to sample more conformational sub-states, thus be-
comes biologically functional. This ‘dynamical’ transition
of protein is believed to be triggered by its strong coupling
with the hydration water, which also shows a similar dyna-
mic transition. Here we demonstrate experimentally that
this sudden switch in dynamic behavior of the hydration
water on lysozyme occurs precisely at 220 K and can be
described as a FSC [49,56]. At FSC, the structure of hydra-
tion water makes a transition from predominantly high-
density (more fluid state) to low-density (less fluid state)
forms derived from existence of the second critical point
at an elevated pressure [56,61].

NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.38 NO.3 APRIL 2006

Without water, a biological system would not function.
Dehydrated enzymes are not active, but a single layer of
water surrounding them restores their activity. It has been
shown that the enzymatic activity of proteins depends
crucially on the presence of at least a minimum amount
of solvent water [65,66]. It is believed that about 0.3 g of
water per g of protein is sufficient to cover most of the
protein surface with one single layer of water molecules
and to fully activate the protein functionality. Thus, biolo-
gical functions [67], such as enzyme catalysis, can only
be understood with a precise knowledge of the behavior
of this single layer of water and how that water affects
conformation and dynamics of the protein. The knowledge
of the structure and dynamics of water molecules in the
so-called hydration layer surrounding proteins is, therefore,
of utmost relevance to the understanding of the protein
functionality. It is well documented that at low temperatures
proteins exist in a glassy state [68,69], which is a solid-
like structure without conformational flexibility. As the
temperature is increased, the atomic motional amplitude
within the protein increases linearly initially, as in a harmo-
nic solid. In hydrated proteins, at approximately 220 K,
the rate of the amplitude increase suddenly becomes enhan-
ced, signaling the onset of additional anharmonic and
liquid-like motion [63,64,70]. This ‘dynamical’ transition
of proteins is believed to be triggered by their strong coupl-
ing with the hydration water through the hydrogen bonding
between them. The reasoning is derived from the finding
that the protein hydration water shows some kind of dyna-
mic transition at the similar temperature [71,72]. We de-
monstrate in this section, using QENS spectroscopy, that
this dynamic transition of hydration water on lysozyme
protein is in fact the Fragile-to-Strong dynamic crossover
(FSC) at 220 K, similar to that recently observed in con-
fined water in cylindrical nanopores of silica materials
[see section III.A and refs. 49 and 56]. Computer simula-
tions on both bulk water [61] and protein hydration water
around lysozyme [73] have led to the interpretation of the
FSC as arising from crossing the locus of maximum in the
correlation length (‘Widom line”) which emanates from a
critical point into the one-phase region; if this interpretation
is correct, then our experiments provide evidence supporting
the existence of a liquid-liquid critical point in protein
hydration water, which previously has been proposed only
for bulk water [58].

Water molecules in a protein solution may be classified
into three categories: (i) the bound internal water, (ii) the
surface water, i.e., the water molecules that interact with
the protein surface strongly, and (iii) the bulk water. The
bound internal water molecules, which occupy internal
cavities and deep clefts, are extensively involved in the
protein-solvent H-bonding, and play a structural role in
the folded protein itself. The surface water, or usually called
the hydration water, is the first layer of water that interacts
with the solvent-exposed protein atoms of different che-
mical character, feels the topology and roughness of the
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protein surface, and exhibits the slow dynamics. Finally,
water, which is not in direct contact with the protein surface
but continuously exchanges with the surface water, has
properties approaching that of bulk water. In this section,
we deal with dynamics of the hydration water in a powder
of the globular protein lysozyme. This hydration water is
believed to have an important role in controlling the bio-
functionality of the protein.

The biochemical activity of proteins also depends on
the level of hydration. In lysozyme, enzymatic activity
remains very low up to a hydration level (h) of 0.2 (h is
measured in g of water per g of dry protein) and then
increases sharply with an increase in h from 0.2 to 0.5 [74].
Various experiments [75] and computer simulations [76]
have demonstrated the strong influence of the hydration
level on protein dynamics.

It has been found that many proteins exhibit a sharp
slowing down of their functions (kinetic of biochemical
reactions) at a temperature somewhere within the interval
of T between 200 K and 250 K. An analysis of the mean-
squared atomic displacement, <x*), by using Mdssbauer
[77], X-ray [64], and neutron scattering [78] spectroscopy,

0.84

S,(Q,0) (neV')

in hydrated proteins shows sharp changes around a certain
sample temperature range: {X*) varies approximately linear-
ly as a function of T at low T and then increases sharply
above T between 200 K and 250 K. The sharp rise in {x*)
was attributed to a certain dynamic transition in biopoly-
mers at this temperature range. The coincidence of the
characteristic temperatures, below which the biochemical
activities slow down, and the on-set of the dynamic tran-
sition, suggests a direct relation between these two phe-
nomena. It has also been demonstrated that the dynamic
transition can be suppressed in dry biopolymers, or in bio-
polymers dissolved in trehalose [79]. It can also be shifted
to higher temperatures, e.g. between 270 K and 280 K, for
proteins dissolved in glycerol [80]. Thus the solvent plays
a crucial role in the dynamic transition in biopolymers.
This observation led to a suggestion by many authors that
proteins are ‘slaves' to the solvent [81]. Despite many
experimental studies, the nature of the dynamic transition
in proteins remains unclear. Many authors interpret the
dynamic transition as a kind of glass transition in a biopoly-
mer [63,82]. Our experiments described below demonstrate
that the origin of the characteristic temperature controlling
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Fig. 10. Neutron spectra and their RCM analyses. Panel A displays measured QENS spectra (solid symbols) and their RCM
analysis results (solid lines) at Q = 0.87 A and at a series of temperatures. Panel B singles out one particular spectrum at T = 230
K and contrasts it with the resolution function of the instrument for this Q value (dash line).
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Fig. 11. Evidence for the dynamic transition. Panel A shows
the temperature dependence of the mean-squared atomic
displacement of the hydrogen atom at 2 nanosecond time scale
measured by an elastic scan with resolution of 0.8 peV. Panel
B shows temperature dependence of the average translational
relaxation times plotted in log(<z:>) versus To/T, where T, is the
ideal glass transition temperature. In this figure, there is a clear
and abrupt transition from a VFT law at high temperatures to
an Arrhenius law at low temperatures, with the fitted crossover
temperature T, = 220 K and the activation energy E, = 3.13
Kcal/mol extracted from the Arrehenius part indicated in the
figure.

both the activity of the protein and the transition in the
behavior of {x*) is the FSC phenomenon in the hydration
water, which shares the same crossover temperature with
the protein.

Hen egg white lysozyme was used in this experiment.
The dried protein powder was hydrated isopiestically at 5 °C
by exposing it to water vapor in a closed chamber until
h = 0.3 is reached. This hydration level was chosen to have
almost a monolayer of water covering the protein surface
[83]. A second sample was then prepared using D,O in
order to subtract out the incoherent signal from the protein
hydrogen atoms. Both hydrated samples had the same water
or heavy water/dry protein molar ratio. DSC analysis was
performed in order to detect the absence of any feature that
could be associated with the presence of bulk-like water.

High-resolution incoherent QENS spectroscopy method
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is used to determine the temperature dependence of the
average translational relaxation time for the hydration water.
In this experiment, we measured both an H.O hydrated
sample and a D,O hydrated sample, and take the difference
to obtain the signal contributed solely from hydration water.
Because neutrons are predominantly scattered by an inco-
herent process from the hydrogen atoms in water (rather
than by the coherent scattering process from the oxygen
atoms), high-resolution QENS technique is an appropriate
tool for the study of diffusional process of water molecules.
Using the HFBS in NIST NCNR, we are able to measure
the average translational relaxation time (e-relaxation time)
from 60 picoseconds to 20 nanoseconds over the tempera-
ture range of 270 K to 180 K, spanning both below and
above the FSC temperature. For the chosen experimental
setup, the spectrometer has an energy resolution of 0.8 peV
and a dynamic range of +£11 peV [14], in order to be
able to extract the broad range of relaxation times covering
both the fragile and the strong regimes of the relaxation
times from measured spectra.

Using high-resolution QENS method and the Relaxing-
Cage Model (RCM, described in section 3.1) [31] for the
analysis, we determine the temperature dependence of the
average translational relaxation time, {zr), for the hydration
water. In the case of hydration water in lysozyme, we found
the FSC temperature T, = 220 K, which agrees well with
the characteristic transition temperature in protein observed
before [64]. Since the average relaxation time {zr) is a
measure of the mobility of a typical hydration water mole-
cule, this result implies that the sudden change in the trend
of mobility of water molecules at the crossover temperature
triggers the so-called glass transition of protein molecules
[63,76,82].

Fig. 10 shows the result of RCM analysis of the spectra
taken at Q = 0.87 A" for a series of temperatures ranging
from 270 K to 160 K (panel A), and in particular at T =
230 K (panel B). In this figure, we display the instrument
resolution function purposely for comparison with the
measured spectrum. RCM, as one can see, reproduces the
experimental spectral line shapes of hydration water quite
well. The broadening of the experimental data over the
resolution function leaves enough dynamic information
to be extracted by RCM. This means that it requires a high-
resolution backscattering instrument with an energy resolu-
tion of 0.8 peV to adequately study the FSC phenomena
in hydration water.

In Fig. 11, we first present (in panel A) the mean-
squared atomic displacement {X*) (calculated from the tran-
slational Debye-Waller factor, Su (Q,E=0)=exp[-Q? {X*>]
of the hydrogen atoms versus T to indicate that there is a
hint of a dynamic transition at a temperature between 200
K and 220 K. In panel B, we then present in an Arrhenius
plot the temperature dependence of the average translational
relaxation time, {zr), for the hydrogen atom in a water
molecule calculated by Egs. (1), (8), (10), (11) and (12).
The contribution from hydrogen atoms in the protein has

215



CHEN etal,, Neutron Scattering Investigations of Proton Dynamics of Water and Hydroxyl Species in Confined Geometries

been subtracted out during the signal processing. It is seen
that, in the temperature range 270-230 K, {z7) obeys VFT
law, a signature of fragile liquid, quite closely. But at
T = 220 K it suddenly switches to an Arrhenius law, a
signature of a strong liquid. So we have a clear evidence
of FSC in a cusp form. The T, for the fragile liquid turns
out to be 176 K, and the activation energy for the strong
liquid, Ex = 3.13 Kcal/mol [84].

Recently, E. Mamontov observed a similar dynamic
crossover in the surface water on cerium oxide powder
sample [85]. The surface of cerium oxide is hydroxylated.
The coverage of water is about 2 layers and the crossover
temperature is said to be at 215 K. The observed slow dyna-
mics is attributed to the effect on the translational mobility
of the water molecules in contact with the surface hydroxyl
groups. Thus, our observation of the FSC in hydration water
of protein may be a universal phenomenon for surface
water.

It should be noted that the FSC in confined supercooled
water is attributed to the crossing of the so-called Widom
line in the Pressure-Temperature (phase) plane in a recent
MD simulation work on bulk water [61] and protein hydra-
tion water at ambient pressure [73]. The Widom line is
originated from the existence of the second critical point of
water and is the extension of the liquid-liquid coexistence
line into the one phase region. Therefore, our observation
of the FSC at ambient pressure implies that there may be
a liquid-liquid phase transition line in the protein hydration
water at elevated pressures. This dynamic crossover, when
crossing the Widom line, causes the layer of the water sur-
rounding a protein to change from the ‘more fluid’ high-
density liquid form (which induces the protein to adopt
more flexible conformational sub-states) to the ‘less fluid’
low-density liquid structure (which induces the protein to
adopt more rigid conformational sub-states).

In summary, an investigation of the average transla-
tional relaxation time, or the a-relaxation time, of protein
hydration water as a function of temperature reveals a
hitherto un-noticed Fragile-to-Strong dynamic crossover
at 220 K, close to the universal dynamic transition tempera-
ture documented for proteins in literature. This fact implies
that the sudden transition of the water mobility on the sur-
face of a protein at the FSC triggers the so-called glass
transition, which is known to have a profound consequence
on biological function of the protein itself.

3.3 Water Confined in Single-wall Open-ended
Carbon Nanotubes

The recently discovered carbon nanotubes and related
nanocarbon materials exhibit a variety of outstanding pro-
perties such as high mechanical strength, thermal conducti-
vity and heat resistant in the absence of oxygen, tunable
electrical characteristics, controlled porous structure and
large surface area, etc. This, in conjunction with the natural
abundance, stability, environmental inertness, light weight
and low cost of carbon, have motivated intense research
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Fig. 12. The observed neutron-weighted hydrogen vibrational
DOS of nanotube-water and ice-Ih at 9K: (a) the bending and
stretching band and (b) the translational and librational band.
(c) The corresponding simulated DOS for nanotube-water and
ice-Ih. Chain-partial is the partial DOS from the chain
contribution and shell-only is the DOS from a separated MD
simulation for only a shell of water in SWNT.

on the applications of carbon nanotubes, as stand-alone
devices or key components in composites, in nanotechnolo-
gy and engineering [86,87]. Water encapsulated in carbon
nanotubes represents an interesting scenario contrasting
to water in oxide-based porous media or hydrated water
in proteins. First, unlike the strong interfacial interaction
between water molecules and the oxides or proteins, the
nanotube walls are hydrophobic and interactions between
the water molecules and the carbon atoms are weak.
Secondly, the quasi-one-dimensional geometry with a
uniform sp*-bonded structure of carbon nanotubes differs
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from the inter-connected framework of internal pores in
silica or the complex curvature of a protein surface. Finally,
the highly anisotropic force fields with respect to the direc-
tions parallel and perpendicular to the nanotube axis are
unique. On the other hand, in some transmembrane water
channels, such as aquaporins [88] commonly found in bac-
teria, plants and mammals, the pathways are formed by
parallel-packed alpha helices across the membrane with
hydrophobic interfaces, somewhat similar to the channels
inside carbon nanotubes. Therefore, water in carbon nano-
tubes provides a simplified model for studying water/proton
transport across biological membranes.

The procedure of introducing water into highly purified,
well-characterized open-ended single-walled carbon nano-
tubes (SWNT) (diameter of 14 A) with the end product of
water confined only in the interior of the SWNT, to which
we referred as nanotube-water, was described elsewhere
[89]. The confinement was verified experimentally by
ensuring the neutron diffraction data from mixed H-O-D-O
nanotube-water samples agreeable with all the correspon-
ding calculated intensities for water inside the SWNT only.
The optimal H:O/SWNT mass ratio is about 11%.

Insights in the detailed structure and atomic dynamics
of nanotube-water were obtained from a combined INS
and molecular-dynamics (MD) study. Fig. 12a shows the
INS spectrum of the intramolecular O-H stretch and H-
O-H bending modes. These modes, located at respectively
406 and 199 meV in ice-Ih, are noticeably shifted to higher
energies in nanotube-water, i.e. 422 and 205 meV. These
blue shifts imply a shorter intramolecular O-H bond length
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in nanotube-water compared to that in bulk ice-Ih, and from
the phenomenological model of Klug and Whalley [90],
we estimate an O-O distance between nanotube-water
molecules to be 2.916 A, more than that (2.76 A) for ice-
Ih. These data are shown in Fig. 12b, where the ice-1h and
nanotube-water spectra are compared. In this energy region,
the well-defined band of translational modes below 40 meV
and a librational band rising up sharply above 64 meV are
characteristic of bulk ice-Ih [91]. The intermolecular vibra-
tions of nanotube-water, see Fig. 12b, shift overall towards
lower energies, i.e., with the librational band rising slowly
at 40 meV (the midpoint of onset is at 55 meV), and its
translational modes softened to form a broadened band
with much less weight at 35-40 meV as compared to those
(well-defined translational modes below 40 meV and a
librational band rising up sharply above 64 meV) charac-
teristic of bulk ice-Ih. These red (blue) shifts of the inter-
molecular (intramolecular) modes support the weakening
of the hydrogen-bonded water network in nanotube-water.
Hydrogen mean-square displacement {U%*) is a good
measure of the hydrogen vibration amplitude provided
that atomic migration from one molecule to another and
molecular diffusion do not happen; otherwise the hydrogen
motion is better quantified by the analysis of the quasielastic
scattered intensity. The {u:) for ice-Ih, as shown in Fig.
13a increases slowly at a rate almost constant with tempera-
ture up to the melting temperature of 273 K, reflecting a
temperature dependence for which hydrogen vibrations
are approximated by harmonic oscillations. The abrupt
jump of {U%) at 273 K arises from melting of ice-Ih. The
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Fig. 14. MD simulation snapshots: The shell + chain structure of nanotube-water below 210 K (a and b) and the disappearance of

the shell + chain structure at temperatures above 210 K (c).

{u%) of nanotube-water differs drastically from that of
ice-Ih. The values are much higher, about four times as
large at 8 K, increasing nearly linearly with rising tempera-
ture until about 200 K then escalating much faster at higher
temperatures. The curve of {U%) is smooth but it displays a
change of the slope around 210 + 10 K. This, in conjunc-
tion with the appearance of a quasielastic scattering compo-
nent above ~210 K, suggest a sluggish change of the nature
of hydrogen dynamics in nanotube-water from predomina-
tely local vibrations to diffusive motion. MD simulations
of nanotube-water were performed on a rigid (10,10)
SWNT of 13.8 A in diameter and 40 A in length enclosing
126 water molecules [89]. The water-carbon and water-
water interactions were represented by a Lennard-Jones
and the TTM2-F polarizable flexible water model, respec-
tively, both of which were validated separately by experi-
ments [92,93]. The TTM2-F polarizable flexible water
model, using smeared charges and dipoles to model short-
range electrostatics, was able to accurately account for the
high-level electronic structure data of water clusters and
to reproduce the bulk behavior of ice and ambient liquid
water. For comparison MD simulations of ice-Ih and liquid
water were carried out using the TTM2-F model. An Ewald
sum was used to incorporate the long-range Coulomb inter-
actions and periodic boundary conditions were applied to
take care of surface effects.
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Achieving ergodicity is one of the most challenging
problems in computational statistical mechanics. Conven-
tional single-trajectory molecular dynamics tends to get
stuck in local regions of phase-space and cannot easily
locate low-lying minima such as crystalline structures. To
circumvent this problem we employed a ‘parallel temper-
ing’ molecular dynamics (PTMD) algorithm [94] which
calculates simultaneously multiple trajectories, each assign-
ed to a different temperature. Occasionally swapping tem-
peratures between neighboring trajectories is administered
effectively allowing the system to heat up temporarily to
escape over intermediate local barriers and then to cool
down for annealing in the vicinity of low energy regions
of the potential energy surface. This technique proved to
be essential to assess structural variations and dynamic
processes over a wide range of temperatures and pressures
for comparison with experimental results.

The MD simulation predicted a shell + chain structure
of nanotube-water at temperature below ~210 K, as shown
in Fig. 14a. The shell consists of a fourfold-coordinated
‘square-ice’ sheet rolled into a hollow cylinder parallel the
SWNT long axis in a tube-in-tube configuration. A gap of
~3 A is maintained between the nanotube wall and the shell
as a direct consequence of the hydrophobic interaction
between the water molecules and carbon atoms. The chain
is formed by a single file of water molecules along the
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centerline of the shell with an average coordination number
of 1.86. The shell + chain configuration, as shown in Fig.
14a, depicts only a time-average picture. In reality, the
atoms undergo vibrations depending on the local-field
environment, which, in the case of water, is critically infl-
uenced by the hydrogen-bond energetics. The weakened
hydrogen bonds in nanotube-water, as revealed in the INS
spectra and the observed {U%), are elucidated by the MD
simulations through the unique shell + chain structure.
Simulations show that the hydrogen bonds in nanotube-
water are in general weaker than those in ice-1h. A shell-
only configuration, as suggested by Koga et al. [95] in
their simulations, is not sufficient to explain the INS and
{U%) data, as shown in Fig. 12b and 13b. Only the shell +
chain model can account for the softening of the libration-
al band and the broadening of the translational modes.
Specifically, the hydrogen bonds connecting the chain
molecules or molecules between the shell and the chain
are very pliable or even momentarily broken or reform.
Such enhanced fluctuations in the hydrogen motion of the
chain molecules give rise to significant contributions to the
very large {U%) even at low temperatures, see Fig. 13b.
As temperature rises, dynamic fluctuations of hydrogen
bonds between the square-ice shell network and the chain
increase. Above ~210 K the shell-chain structure vanishes
and nanotube-water behaves, to a certain extent, like super-
cooled liquid water that supports long-range molecular
diffusion (see Fig. 14b). What are the similarities and differ-
ences between water confined in SWNT and water in nano-
porous silica (e.g. MCM-41-S) or proteins? Thus far INS
experiments have not yet been carried out to the extent
affording full comparison with the water in MCM-41-S.
However, initial results are encouraging. Our preliminary
INS study shows a spectral change of the hydrogen vibra-
tional DOS in nanotube-water qualitatively similar to that
of water in MCM-41-S as the systems enter the supercooled
state from low temperatures. We also performed QENS
measurements of the relaxation processes in nanotube-
water. The initial results show a crossover at 218 K from
a VFT law to an Arrhenius behavior typical of a fragile-
to-strong liquid transition in confined water, compared to
224 K for water in MCM-41-S [96]. The activation energy
of 5.4 kJ/mol, obtained from the Arrhenius behavior at low
temperature, is 3.8 times smaller than that for water in
MCM-41-S. Clearly, more neutron and MD investigations
over extended temperature and pressure regimes are needed
to clarify the nature of the transition in nanotube-water.

3.4 Water and Hydroxyl Species in Nanostructured
Minerals
Water is present in hundreds of minerals as inherent
structural units, hydroxyl or complex cations, and weakly-
or non-bonding entities. Therefore, its roles in the natural
environment and indirectly in man-made substances derived
from minerals are enormous. Furthermore, implementation

NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.38 NO.3 APRIL 2006

E (cm™)
2823 3630 4436
Ndy41Zr5 904195 Dry
2
0
L 2
c
S
o
—
=
o O
8
4
350 400 450 500 550

E (meV)

Fig. 15. The O-H stretch vibrational band of chemisorbed
hydroxyl groups on dry Nd,,Zr,,0,ss nanoparticles (a) and
physisorbed low-water-content (b) and medium-water-content
(c) samples of Nd,,ZrysO, s nanoparticles. The lines through
the data are fits of a linear background and one or more
Gaussian functions (see text). For Clarity, error bars are given
for selected data points for the dry and low-water-content
sample.

of nanostructure in the host mineral adds a new dimension
to tailoring the structure-function relationship, which is
important to technological applications. For example, zirco-
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nias as bulk ceramics are widely used in industry as refrac-
tory components, matrix medium for nuclear fuel, cutting
tools, etc., but high-surface-area nanostructured zirconias
are applicable as catalytic supports [97], sensors [98] and
an agent for radiolysis of liquid water [99]. The latter appli-
cations underscore the importance of understanding chemi-
and physisorbed water on zirconia nanoparticles.

3.4.1 Dynamics of Adsorbed Water on Zirconia
Nanoparticles

Fig. 15 shows the INS spectra over the region of O-H
stretch vibrations for water adsorbed on a nanostructured
Ndo.1Z10.501.05 powder (with a surface area of ~73 m?/g esti-
mated by the Brunauer-Emmett-Teller gas-adsorption
method) [100]. The partial substitution of Zr by Nd yields
a solid solution featuring a mixed-phase of cubic and tetra-
gonal crystal structure and oxygen vacancies in the lattice
in instead of the monoclinic phase of pure ZrO. at room
temperature and enhances thermal stability at high tempera-
tures in a moist atmosphere. These properties are important
to catalytic applications such as being a support component
for a three-way catalytic converter for automobile emission
control. The dry powder contains only chemisorbed hydro-
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xyl groups on the surfaces of the nanoparticles. The low-
and medium-water-content samples refer to statistically
0.747 and 2.54 layers of physisorbed water on the surface,
respectively. Each observed spectrum (symbols) was fitted
to a sum of a linear background and one or more Gaussian
functions (line). In the dry sample the O-H stretch band
of the surface hydroxyl groups centers at 453 meV (3654
cm™) with a width of about 17 meV, which is comparable
to the instrumental resolution. An additional broad compo-
nent at about 432 meV appears in the low-water-content
sample, which arises from O-H stretch vibrations of physi-
sorbed water molecules connected with hydrogen bonds.
In the medium-water-content sample that contains multiple
layers or clusters of hydrogen-bonded water, the OH-stretch
vibrational band broadens and shifts to lower energies,
which is accounted for by another Gaussian at ~405 meV.
In addition, a H-O-H bending mode and a libration mode
at 200 and 80 meV (not shown) resembling those in bulk
water appear, and the very broad component center around
510 meV corresponds to a combination mode of the libra-
tion and stretch bands. Similar features were also observed
in pure nanostructured ZrO, powders containing absorbed
water.

2420 4033 (em™)
_ (b)

% nm-HAp

tntnltntnl.itnlntnt

300 400 500 600

E (meV)

Fig. 16. The low-energy (a) and high-energy (b) portion of the observed neutron spectra of micron- and nanometer-size HAp
crystalline powders, and the bovine and rat bone crystals at 10 K. For clarity, the HAp and bovine bone spectra are shifted

vertically by a constant interval.

220

NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.38 NO.3 APRIL 2006



CHEN et al,, Neutron Scattering Investigations of Proton Dynamics of Water and Hydroxyl Species in Confined Geometries

The progressive softening of the H-O stretch frequency
in parallel to the build-up of hydrogen-bonded network
of water from the immediate interface to the outer hydrated
layers to the bulk-like liquid has direct consequence to
the slow-down dynamics of water molecules near the sur-
face. In recent QENS studies of surface water on ZrO,, a
translational dynamics slowed down by 1 and 2 orders of
magnitude was observed in the outer hydration layer and
the immediate interfacial layer, respectively, as compared
to that of bulk water [101,102]. Furthermore, the very slow
motion of the immediate interfacial water can be described
by a relaxation function characterized by a stretched expo-
nential, indicative of complex diffusive processes of distinct
relaxation times. The outer hydration layers, on the other
hand, exhibit separate Arrhenius-type rotational and tran-
slational diffusion motion, both considerably slower than
the corresponding one in bulk water. This dichotomy of
lower density-slower dynamics of an interfacial water layer
and higher density-faster dynamics of bulk water away
from the substrate arises from the hydrophilic nature com-
mon to oxide surfaces and was corroborated by computer
simulations [103].

3.4.2 Hydroxyl lons in Nanostructured Bone
Apatite Crystals

Bone is a nanocomposite containing principally colla-
gen and mineral apatite. As compared to synthetic hydro-
xyapatite (HAp with chemical formula Ca,((PO,)s(OH),)
which normally has micrometer-size crystallites, bone
apatite consists of platelet-shaped nanocrystals exhibiting
rough surfaces, calcium deficiency, and possibly ion substi-
tutions by CO; and HPO, groups [104]. The crystal chemi-
stry of bone apatite, such as the role of the bioactive ions
presumably located on the surface or on modified mobile
lattice sites, is important to biological functions which
include bone remodelling and homeostasis. Due to the
nanoscale dimensions and poor crystallinity, the content
and location of the hydroxyl ions in bone apatite have not
been firmly established despite numerous diffraction and
spectroscopic studies and the subject is still controversial
today. INS measurements find, as shown in Fig. 16, no
sharp excitations characteristic of the librational mode and
stretch vibrations of OH ions around 80 and 450 meV (645
and 3630 cm™), respectively, in the bovine and rat bone
apatites, whereas such salient features are clearly seen in
micron- and nanometer-size crystals of pure hydroxyapatite
powders [105]. Thus the data provide additional definitive
evidence for the lack of well-localized OH" ions in the
crystals of bone apatite. Weak features at 160-180 and
376 meV, which are observed in the apatite crystals of rat
bone and possibly also in adult mature bovine bone, but
not in the synthetic hydroxyapatite, are assigned to the
deformation and stretch modes of OH ions belonging to
HPO+ species.

Water and its variant species in minerals, incorporated
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naturally or synthetically, often play an important role in
controlling the mechanical, chemical and thermodynamic
properties and functionality. Excess water in boehmite,
7-AlOOH, produced by hydrolysis methods, yields a mass-
fractal-like aggregate of nanoparticles of pseudoboehmite
[106]. Water stored in the hydrogarnets, e.g., Sr:Al:(OsHa)s,
may be released in the Earth and acts as a catalyst for
certain type of geochemical reactions [107]. The question
of whether oxonium ions (H;O") are present in H;O-anluite,
H;0AL7(SO4)2(OH)s.64(H20)0.30, remains unanswered
today [108]. Protonated A-MnO, or H:Mn,O.., nanopowders
is used as a means to scavenge lithium from seawater
[109]. These examples and other similar problems can be
benefited by neutron spectroscopic investigations.

4. SUMMARY

In this article we introduce the basic principles and prac-
tice of incoherent neutron scattering spectroscopy. Speci-
fically, the scattering functions of elastic, quasielastic and
inelastic processes from a many-body system of incoherent
scatterers and measurements of these scattering functions
using a suite of state-of-the-art spectrometers at reactor-
and accelerator-based neutron sources are described. We
apply this method to the studies of water confined in nano-
meter-scale porous media — MCM-41-S silica materials,
proteins, and carbon nanotubes— and incorporated in nano-
structured minerals — zirconia and bone apatite. Through
combined neutron-scattering and molecular dynamics
simulations or theoretical-modeling investigations, we
demonstrate the outstanding capability of obtaining very
detailed information regarding the structure and dynamics
of water molecules in a complex environment. We have
chosen these scientific examples on account of their overar-
ching importance in physics, chemistry, biology, materials
science, industry and nanotechnology; however, we empha-
size that the method of neutron scattering, many subareas
of which are not mentioned here, can be applied to study
a rich variety of other problems including the field of
nuclear science and engineering. Furthermore, today, at
the doorstep of the 21* century, the scope of neutron-
scattering research has already reached a global dimension,
as witnessed by the commissioning and construction of a
new generation of neutron sources in many regions of the
world including the US, European Community, Japan,
Korea, China and Austalia as well as the evolving interna-
tional collaboratives including neutron scattering as one of
the key components. We envisage growing activities and
exciting advances in neutron science in the coming years.
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