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We performed a high-resolution quasielastic neutron scattering study of water dynamics in fully hydrated
oriented chrysotile asbestosfchemical formula Mg3Si2O5sOHd4g fibers. The fibers possess sets of macroscopi-
cally long, parallel channels with a characteristic diameter of about 5 nm. Freezing of water in the channels
was observed at about 237 K. Measurements at 280, 260, and 240 K revealed a translational dynamics of water
molecules with the relaxation time slower by more than an order of magnitude compared to bulk water. TheQ
dependence of the quasielastic broadening was typical of a translational diffusion motion with a distribution of
jump lengths, similar to that observed in bulk water. The relaxation time showed no significant anisotropy in
the measurements with the scattering vector parallel and perpendicular to the fiber axes.
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I. INTRODUCTION

Because of the exceptionally large incoherent scattering
cross section of hydrogen compared to other elements, neu-
tron scattering is an attractive technique for studying the dy-
namics of water confined within various nanoporous struc-
tures. Quasielastic neutron scatteringsQENSd studies of
water molecules motions benefit from the fact that the wave-
length of a cold neutron is comparable with a typical diffu-
sion jump distance. Thus, the dependence of the quasielastic
scattering on the scattering momentum transfer,Q, may yield
information on the nature of the diffusion jumps of water
molecules.

Most of the QENS studies of the behavior of water in
confinement are performed using hosts that possess a three-
dimensional porous structure, either regular, such as zeolites
f1g and mesoporous silicaf2–6g, or irregular, such as vycor
glass f7–9g and porous gelsf10g. Examples of quasi-two-
dimensional systems include interlayer water in clays
f11–16g and surface water in oxidesf17,18g. Several ongoing
studies involve quasi-one-dimensional water in nanotubes.
The diameters of single-wall nanotubes range between 1 and
2 nm, and the average length may be several micrometers. In
this work, we studied the dynamics of water in chrysotile
asbestos fibers. While the diameter of channels in the fibers
is a few nanometers, the fiber length may be 1 cm or higher.
The nanochannels in bundles of chrysotile asbestos fibers not
only have a very high aspect ratio, but also, unlike carbon
nanotubes, are aligned macroscopically. This provides an in-
teresting opportunity to study anisotropy of the dynamics of
confined water.

The morphology of chrysotile asbestosfchemical formula
Mg3Si2O5sOHd4g consists of parallel, closely packed tubes
with typical inner and outer diameters of 2–8 and 20–40 nm,
respectivelyssee Fig. 1d. Their crystal structure consists of
layers of partially hydrated MgO bound to a corresponding
SiO2. The crystal structure of chrysotile was studied exten-
sively by Whittaker using x-ray diffractionf19g. The micro-

structure of chrysotile fibers was investigated by Yada using
high-resolution electron microscopyf20,21g. Pundsackf22g
studied the porous structure of blocks of chrysotile fibers. In
agreement with the results of electron microscopy, he con-
cluded that the interfiber channel size in the close-packed
bundles of fibers was comparable to the intrafiber channel
size, and the total pore volume ranged from 4% to 5% of the
sample volume. Recently, there has been a revived interest in
chrysotile asbestos because of its potential suitability for
nanowire preparationssee Ref.f23g for a summary of experi-
ment results and discussiond.

We performed a high-resolution QENS study of water dy-
namics in fully hydrated chrysotile asbestos. The freezing
point of water in chrysotile asbestos was found to be sup-
pressed to about 237 K. The translational motion of water
molecules was observed at 280, 260, and 240 K. The relax-
ation time showed no significant anisotropy in the measure-
ments with the scattering vector parallel and perpendicular to
the fiber axes. TheQ dependence of the quasielastic broad-
ening was typical of a translational motion with a distribu-
tion of jump lengths, similar to that observed in bulk water
f24g. However, the relaxation times exceeded those for trans-
lational motion in bulk water by more than an order of mag-
nitude.

FIG. 1. A schematic picture of a bundle of chrysotile asbestos
fibers.
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II. EXPERIMENT

Chrysotile asbestos fibers with an average outer and inner
diameter of 28 nm and 5 nm, respectively, were obtained
from the collection of Ioffe Physico-Technical Institute, St
Petersburg, Russia. The macroscopic bundles of fibers had a
cross section of up to 132 mm2 and a length of up to
1.5 cm. Prior to the filling with water, the fiber bundles were
evacuated at 383 K, and their mass was determined to be
2.8812 g. The fibers were then filled with water by means of
submerging for several days and subsequent drying at 313 K
in the air. The water uptake calculated as the mass difference
between the hydrated and dried sample and the sample after
evacuation was 0.0928 g. This corresponds to 1 water mol-
ecule per 2 molecules of Mg3Si2O5sOHd4. For the water ad-
sorbed only in the 5 nm intrafiber channels, the maximum
uptake of about 1 H2O molecule per 5 molecules of
Mg3Si2O5sOHd4 can be expected based on the chrysotile
density of 2.56 g/cm3 and water density of 1 g/cm3. The
high level of hydration is thus indicative of the water absorp-
tion in both the intra- and interfiber channels. For the ideal
hexagonal close packing of fibers with the dimensions as
studied in our experiment, the cross section of the interfiber
channels is 60% larger than that of the intrafiber channels,
and there are twice as many interfiber channels as there are
intrafiber channels. However, the outermost surface of fibers
is highly irregular, and the interfiber channels may be par-
tially or fully filled with amorphous material, thus greatly
reducing the channel cross section.

The bundles of fibers were placed together onto a thin
aluminum foil so that their axes were aligned and the
bundles made up a single layer with a thickness of about
1 mm over half of the foil. The foil was then folded forming
a “flat plate” of bundles of fibers with the same direction of
axes and securely placed into a thin aluminum sample
holder. The sample holder was sealed with an indium O ring
and mounted onto a closed-cycle refrigerator. The tempera-
ture was controlled to within ±0.5 K.

QENS experiments were carried out using the high-flux
backscattering spectrometersHFBSd at the National Institute
of Standards and TechnologysNISTd Center for Neutron Re-
searchf25g. In the standard operation mode of the spectrom-
eter, the incident neutron wavelength is varied via Doppler
shifting about a nominal value of 6.271 ÅsE0=2.08 meVd.
After scattering from the sample, only neutrons having a
fixed final energy of 2.08 meV are measured by the detec-
tors, as ensured by Bragg reflection from analyzer crystals.
When operated with a dynamic range of ±35meV, the full
width of the instrument resolution function at half maximum
is about 1.20meV. The spectra collected at 0.25 Å−1,Q
,1.42 Å−1 sat the elastic channeld at 280, 260, and 240 K
were used in the data analysis. In addition, the spectrum
collected at 100 K was used to determine the sample
geometry-dependent resolution function. In the alternative
operation mode of the spectrometer called the fixed-window
mode, the Doppler drive was stopped, and only the elastic
scattering intensity was collected while the sample tempera-
ture was ramped down from 300 to 100 K at a rate of
0.5 K/min. The energy resolution of the HFBS in this mode
of operation is about 0.8meV. The fixed-window mode is

especially useful for studying phase transitions such as freez-
ing or melting.

All the measurements reported in this paper were per-
formed with two different orientations of the “flat plate”
made of the bundles of fibers with respect to the scattering
vector. In the first orientation, the fibers made a 45° angle to
the incident beam in order to make the elasticQ vector par-
allel to the axes of fibers for the scattering angle of 90°sQ
=1.42 Å−1d. The elasticQ vectors for the other scattering
angles had nonzero projections onto the directions of the
fiber axes. Throughout the paper, we depict the data obtained
in this geometry with open symbols, and, for the sake of
simplicity, call this geometry “Q parallel.” The second ori-
entation was obtained from the first one by means of rotating
the sample by 90° about the axis perpendicular to the “flat
plate” in the horizontal plane. In this orientation, the elastic
Q vectors for all scattering angles are perpendicular to the
fiber axes. The data obtained in this geometry are depicted
with filled symbols, and the geometry is called “Q perpen-
dicular.”

III. RESULTS AND DISCUSSION

The elastic scattering intensities measured as a function of
temperature in the course of cooling down and summed up
over all Q values are presented in Fig. 2. The data clearly
show an abrupt increase in the elastic scattering due to the
freezing of water at about 237 K. The suppression of the
freezing temperature of water in confined geometry has been
well known f2,3,26–29g. The onset of freezing of water in
the chrysotile nanochannels at 237 K is in good agreement
with the data available in the literatures252 K and 237 K in
silica with the average pore size of 10 nm and 3 nm, respec-
tively f2g, 260 K in 9 nm silica poresf26g, 242 K and 221 K
in 1.87 nm and 1.44 nm MCM-41f3g, 232 K in 4.2 nm
MCM-41 f28g, and 255 K in vycor glass with the average
pore size of 5 nmf27gd. No significant difference between
the freezing temperatures obtained in the “Q-parallel” and
“Q-perpendicular” orientations could be observed, and an ar-

FIG. 2. The elastic scattering intensity measured in the fixed-
window mode as a function of temperature and summed up over all
Q values. Open circles: “Q-parallel” orientation. Filled circles:
“Q-perpendicular” orientation. An arbitrary vertical offset of the
baselines is applied for clarity. The increase in the elastic scattering
at aboutT=237 K is due to the freezing of water in the fibers.
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bitrary vertical offset of the baselines had to be applied in
Fig. 2 in order to avoid an excessive overlap of the plots.

The scattering intensities measured at the 90° detector
sQ=1.42 Å−1d at three temperatures are shown in Fig. 3
along with the data collected at 100 K. The latter represents
the resolution function. The quasielastic signal narrows as
the temperature is decreased, indicating slower motion of
water molecules. We fit the data with the expressions that
include a single Lorentzian with half-width at half-
maximum,GsQd, for the quasielastic broadening,

IsQ,"vd = CsQdhxsQdds"vd + f1 − xsQdgLsQ,"vd

+ A1"v + A2j ^ RsQ,"vd, s1d

LsQ,"vd =
1

p

GsQd
s"vd2 + G2sQd

. s2d

Here CsQd is a scaling constant,xsQd is the fraction of the
elastic scattering,RsQ,"vd is the resolution function in the
energy space, andLsQ,"vd is a Lorentzian relaxation func-
tion for water molecules. The linear background term,
A1"v+A2, accounts for the inelastic scattering on a much
faster time scale compared to the dynamic range of the back-
scattering spectrometer. The elastic scattering is due to im-
mobile atomssmostly hydrogend in both the structural hy-
droxyl groups in Mg3Si2O5sOHd4 and possibly the OH/H2O
layer in direct contact with the surface of channels. Attempts

to fit the data using an expression for the elastic broadening
that incorporates more than one Lorentzian to account for
both slower translational and faster rotational diffusion com-
ponentsf18,30g have not improved the fit, which suggests
that the rotational component of the water diffusion in
chrysotile asbestos is too fast for the dynamic range of the
instruments<20 psd in the temperature range studied, and
probably contributes to the background. This is not unex-
pected based on the numerous previous findings that the
translational diffusion component for water in confinement
slows down dramatically compared to bulk water, often by
an order of magnitude or more, whereas the rotational com-
ponent slows down by a factor of 2–3 only. For bulk water in
the temperature range of 253–293 K, the relaxation time for
the rotational component 1 ps,t,2 ps has been reported
f24g. We were unable to fit the data at the lowestQ value for
the 240 K dataset using Eqs.s1d and s2d, probably because
the quasielastic broadening was too small for the spectrom-
eter resolution of 1.20meV.

Importantly, we observe no pronounced anisotropy
between the data collected in the “Q-parallel” and
“Q-perpendicular” geometries not only at the 90° detector
shown in Fig. 3, but also at all the other detectors. This
suggests that theQ dependence of the Lorentzian quasielas-
tic broadening should follow a law for the powder-averaged
systemsf31g. A translational motion of water molecules that
is much faster along the fiber axes than in the directions
perpendicular to the axes would manifest itself in a signifi-
cant difference in quasielastic signals measured in the
“Q-parallel” and “Q-perpendicular” geometries. In the limit
when the motions take place along the fiber axes only,
there would be no quasielastic broadening in the
“Q-perpendicular” geometry, while in the “Q-parallel” ge-
ometry the Q dependence of the Lorentzian quasielastic
broadening would not follow a powder-averaged law. How-
ever, as one can see in Fig. 4, theQ dependence of the
parameterGsQd for both sample orientations can be approxi-
mately described by the powder-averaged law for a jump
diffusion model with an exponential distribution of jump
lengths,Psrd=sr / r0

2dexps−r / r0d f31,32g,

GsQd =
"

tres31 −
1

1 +
Q2kr2l

6
4 , s3d

wheretres is the residence time between jumps. The values
of tres are summarized in Table If33g. While the residence
time obtained at 280 K exceeds that obtained at 260 K, sug-
gesting that using Eqs.s1d–s3d for data analysis may be just
a crude approximation, it is clear that the residence time
shows no significant anisotropy between the two sample ori-
entations. For comparison, the residence time between jumps
for the translation component of diffusion in bulk water is
1.25 ps at 293 K, 2.33 ps at 278 K, and 7.63 ps at 261 K
f24g. Thus, we observe a very substantial slowing down of
the translational motions compared to bulk water. As we dis-
cussed above, the rotational component of the diffusion
could not be resolved, which suggests that, even if it slows
down compared to the bulk water values of 1–2 ps, it still

FIG. 3. The scattering intensities measured in the energy space
at the 90° detectorsQ=1.42 Å−1d. The elastic peaks at zero energy
transfer are truncated to better demonstrate the quasielastic signal.
The 100 K data used as a resolution function are plotted on every
graph and shown with squares. Open symbols: “Q-parallel” orien-
tation. Filled symbols: “Q-perpendicular” orientation.

TRANSLATIONAL DYNAMICS OF WATER IN THE… PHYSICAL REVIEW E 71, 061502s2005d

061502-3



remains much faster than<20 ps, the dynamic range of the
backscattering spectrometer.

As pointed out above, one would expect a very significant
anisotropy of the quasielastic broadening between the
“Q-perpendicular” and “Q-parallel” orientations for the wa-
ter molecules moving primarily along the fiber axes. On the
contrary, our results demonstrate almost isotropic picture of
translational motions of the water molecules in chrysotile
asbestos fibers with a characteristic channel size of 5 nm.
This is likely because of a small size of water molecules with
respect to the characteristic size of the confinement. More
pronounced anisotropy due to the confinement effects may
be expected for larger organic molecules in the same system
of nanochannels.

IV. CONCLUSION

In good agreement with the data available in the literature
on the suppression of the water freezing point in confine-
ment, our high-resolution QENS study of water dynamics in
fully hydrated chrysotile asbestos fibers detected the freezing
of water at about 237 K in the fiber channels with a charac-
teristic size of 5 nm. The translational motion of water mol-
ecules, which slowed down by more than an order of mag-
nitude compared to bulk water, was observed at 280, 260,
and 240 K. The rotational component of the diffusion could
not be observed, probably because it did not slow down
enough from its bulk water values of 1–2 ps to be seen
within the dynamic range of the backscattering spectrometer
of <20 ps. TheQ dependence of the quasielastic broadening
was typical of a translational motion with a distribution of
jump lengths, similar to that observed in bulk water. No ma-
jor anisotropy in the relaxation time that would be indicative
of translational motions of the water molecules primarily in
the direction of the fiber axes was observed, probably be-
cause of a small size of water molecules compared to the
characteristic length of confinement of 5 nm.
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