PHYSICAL REVIEW E 88, 022316 (2013)

Dynamics of nanoconfined water under pressure
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We report a study of the effects of pressure on the diffusivity of water molecules confined in single-wall
carbon nanotubes (SWNT) with average mean pore diameter of ~16 A. The measurements were carried out
using high-resolution neutron scattering, over the temperature range 220 < 7' < 260 K, and at two pressure
conditions: ambient and elevated pressure. The high pressure data were collected at constant volume on cooling,
with P varying from ~1.92 kbar at temperature 7 = 260 K to ~1.85 kbar at 7' = 220 K. Analysis of the
observed dynamic structure factor S(Q, E) reveals the presence of two relaxation processes, a faster diffusion
component (FC) associated with the motion of “caged” or restricted molecules, and a slower component arising
from the free water molecules diffusing within the SWNT matrix. While the temperature dependence of the slow
relaxation time exhibits a Vogel-Fulcher-Tammann law and is non-Arrhenius in nature, the faster component
follows an Arrhenius exponential law at both pressure conditions. The application of pressure remarkably slows
down the overall molecular dynamics, in agreement with previous observations, but most notably affects the
slow relaxation. The faster relaxation shows marginal or no change with pressure within the experimental

conditions.
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I. INTRODUCTION

Fluids confined in tight cavities, or between mineral
interfaces or biological molecules are ubiquitous in nature.
In particular, water confined in restricted spaces appears to
be present in many relevant life situations on the surface of
the earth and in our bodies [1,2]. This confined water exhibits
unusual physical properties, which are generally different than
the bulk. Understanding these properties and their connections
with life is therefore of great fundamental value [1,3].

Despite much effort [4,5], our knowledge about confined
water at ambient conditions—Iet alone under pressure—
remains rather limited. To date, there is still no well established
global pressure-temperature (P,T') phase diagram, for varying
confine sizes. In contrast, bulk water has a rather well known
P-T diagram, spanning a wide range of P and T points. This
diagram reveals that many crystalline forms of water are only
found at pressures well above 1 kbar, and/or at temperatures
below 200 K, and therefore are not easily accessible under
normal experimental conditions. Thanks to recent advances
in the synthesis of novel nanomaterials such as single-wall
carbon nanotubes (SWNT) [6,7], there are indications that
these ice phases can also occur near ambient conditions under
confinement [4,8].

While there has been a considerable amount of work on
the dynamics of interfacial and confined water at ambient
pressure [9—12], few comparable studies have been conducted
at high pressure, due largely to experimental hurdles. With
the exception of a few recent reports [5,8,13], the dynamics
of confined water as a function of pressure remains largely
unexplored. In this work, we report a quasielastic neutron

*omardiallos @ornl.gov
fmsb@amu.edu.pl

1539-3755/2013/88(2)/022316(6)

022316-1

PACS number(s): 66.10.C—, 29.30.Hs, 62.50.—p

scattering (QENS) study aimed at investigating the effects of
external pressure on the diffusion and molecular dynamics
of water adsorbed on commercially available hydrophobic
single-wall carbon nanotubes (SWNT) in the temperature
range between 220 and 275 K. The observed QENS spectra
reveal the existence of two different relaxation processes,
which are clearly separated in time by one to two orders of
magnitude. The broadening in energy of both processes can be
described by a liquidlike jump diffusion model. The relaxation
times of the faster process exhibit an Arrhenius temperature
dependence, while those of the slow component follow a
Vogel-Fulcher-Tammann law. We find that the application
of pressure slows down the overall molecular dynamics of
water in SWNT, consistent with previous studies in hydrophilic
porous silica [13,14]. Up to the maximum working pressure of
our experiment (P < 2kbar), we find that the faster component
is largely unaffected by pressure, and the slow diffusing
component is significantly influenced by pressure.

II. EXPERIMENTAL DETAILS

As introduced above, we used a commercially available
SWNT sample (purchased from Nanocyl in Belgium) to
investigate the diffusion of water under pressure. Carbon
nanotubes are molecular channels of graphitic carbon with
remarkable properties and vast potential future applications,
including hydrogen storage and molecular separation. SWNT
form simple nanochannels that are on average very similar in
both size and hydrophobic character to biological channels,
and can be filled with water at ambient conditions. Our
open-ended SWNT sample has an average pore diameter of
16 A. The present sample, which was produced via the catalytic
carbon vapor deposition process, has been characterized by
the manufacturer using various techniques such as small angle
x-ray scattering (SAXS), high-resolution microscopy (TEM),
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Raman spectroscopy, and nitrogen adsorption isotherms. The
estimated surface area is slightly over 1000 m?/g.

A. Sample preparation

Prior to the measurements, the sample was dried for 48 h
under vacuum at 358 K. The dried sample was then hydrated
in a humid atmosphere at room temperature for several hours
until its mass increases by about 10%. The hydrated sample
was then transferred into a specially designed cylindrical
aluminum cell for high pressure measurements. While the cell
used was nominally rated to 5 kbar for safe operation, all our
measurements were done below 2 kbar to comply with safety
due to use cycle of the cell. A new cell is currently being
developed for future experiments at high pressures.

B. Neutron experiment

The high-resolution neutron scattering experiments were
carried out using the backscattering silicon spectrometer
(BASIS) at the 1.4 MW Spallation Neutron Source (SNS), Oak
Ridge National Laboratory (ORNL) [15]. BASIS was selected
for the present study because of its unique wide dynamic
range AE = £100 peV and its excellent energy resolution
of 1.75 eV (half-width at half maximum or HWHM) at the
elastic position. We begin our measurements with standard
short “elastic intensity” scans on the hydrated SWNT sample
at ambient pressure. The goal was to determine a suitable
temperature region for subsequent long QENS measurements,
which generally requires high statistics. The elastically scat-
tered neutrons were recorded over a wider temperature range
fairly quickly, as they do not require high count rates. Data
were collected with relatively small temperature increments
on cooling from 300 to 80 K. Figure 1 shows the raw
elastic intensity as a function of temperature for the Q
investigated here. The elastic intensity for each temperature
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FIG. 1. (Color online) Temperature and wave vector dependence
of the elastically scattered neutron intensity obtained from the
hydrated SWNT sample, as measured on cooling and heating.
Crystallization is typically characterized by an abrupt change in the
elastic intensity, which is not observed at any wave vector transfer Q.
Confining water in very small pores clearly suppresses crystallization
to much lower temperatures, and allows water molecules to remain
mobile down to very low temperatures.
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was obtained by integrating the corresponding spectrum over
a very narrow energy range of £3.5 ueV, corresponding to
the elastic resolution. For an isotropic system, we anticipate
the elastic intensity to have a Debye-Waller behavior, i.e.,
o exp (—Q%(u?(T))/3), where (u?*(T)) is the mean square
amplitude vibration. As the sample cools down, the molecular
diffusion also start to slow down and (u?*(T)) decreases.
The elastic intensity within the 3.5 ueV energy resolution
effectively increases with decreasing temperature until it
reaches a maximum (plateau region at low temperatures).
Crystallization is typically characterized by an abrupt change
in the elastic intensity, which is not observed here at any wave
vector Q. This suggests that there is no bulk water present and
that the water molecules inside the pores remain mobile down
to very low temperatures.

The QENS spectra were recorded in the wave vector
transfer range 0,0.6 < O < 1.2A ! instep AQ =0.2A",
spanning a temperature range from 7 = 220 to 260 K, and
two pressure conditions: atmospheric and elevated. QENS
measurements were first taken under ambient conditions
(with a total of five temperature points), followed by the
measurements at high pressure (seven points in total).
Due to the limited allocated time on the instrument, we were
forced to reduce the measurement time at the ambient pressure
condition for which previous measurements using the HFBS
instrument at NIST have been reported [11,12]. The high
pressure measurements were performed at constant volume,
starting from ~1.92 kbar at 260 K to about 1.85 kbar at
220 K. To achieve the desired pressure, we use a helium
gas panel with an intensifier to increase the pressure inside
a specially designed Al cell to approximately 2 kbar at 300 K,
and seal the cell for the rest of the experiment. Data was
then collected on cooling along the isochore, as indicated in
the inset of Fig. 2. A major depression of the freezing point
for nanoconfined water in carbons is expected, due to the
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FIG. 2. (Color online) Temperature dependence of the quasielas-
tic response of water confined in 16 A SWNT. The solid symbols
are the experimental data and the solid black lines are model fits, as
described in the text. The instrument resolution function measured
with the same exact sample at 30 K is shown for comparison
(dashed line). Ambient pressure data are shown on the left-hand
side, while the high pressure data are shown on the right-hand side.
The inset shows the isochore along which the measurements were
taken.
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hydrophobic nature of the water-carbon interaction. For such
systems the microscopic wetting parameter v, which measures
the ratio of the water-carbon to the water-water interaction, is
only about 0.5 [16].

III. RESULTS AND DISCUSSION

The observed temperature dependence of the QENS spectra
collected at BASIS at the conditions investigated (ambient
and high pressure) for wave vector transfer Q = 1.0 A~!,
are shown side-by-side in Fig. 2. The filled circles are the
experimental data and the overlaid solid lines are model fits,
following the fitting procedure which we describe below.
The dashed line is the instrument resolution measured using
the exact same sample at 7 = 30 K where all molecular
motions in the sample are expected to become immobile. As
anticipated, the QENS broadening narrows as the temperature
isreduced, indicating a slowing down of the molecular motion.
The neutron scattering spectra I(Q, E) were analyzed using a
model scattering function S(Q, E), plus an elastic term p;(Q)
due to all immobile atoms, and a linear background term
B(Q,E)=a+bE,

1(Q,E) = A(Q){p1(Q)(E) + [1 — p1(DIS(Q,E)
+ B(Q,E)} (D

convoluted with the measured instrument resolution. Our
model S(Q, E) includes two Lorentzians:

1 I
S(Q.E) = pz(Q);%
1

1 I(0)

0= PO

We attribute the broader of the two Lorentzians in Eq. (2)
to the “caged” or restricted motion of water molecules, with
I'1 (Q) as amain characteristic HWHM. Similarly, we associate
the narrow component to the “cage-breaking” water molecules
with I',(Q) as a characteristic HWHM, and 1 — p,(Q) as its
relative weight in Eq. (2). Recent compelling arguments for
using this two-Lorentzian model over the more traditionally
used stretched exponential model has been put forward by
Qvist et al. [17]. In their work, Qvist et al. argued that the
faster component in water is most appropriately described
as “intrabasin” dynamics of the center of mass, a spatially
restricted or caged diffusion which is not strictly rotational.
The slower translational component is associated with the
“interbasin” diffusion jumps, as water molecules in a “basin”
perform a number of intrabasin jumps (B-fast relaxation)
before eventually moving (« relaxation, or translational diffu-
sion) to become associated with another basin. Equations (1)
and (2) yield excellent fits to the data, as depicted in Fig. 2,
and as illustrated in Fig. 3 for selected temperature and Q
value. The variation of the observed broadenings with Q2 and
temperature, is summarized in Fig. 4 for both experimental
pressure conditions. The behavior of I' with Q2 suggests a
jump diffusion process with a distribution of jump length.
We thus fit the observed I'(Q) at each (P,T) point with the
following expression [18]:

2

h
rQ =—M- exp(—D Q%7)]. A3)
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FIG. 3. (Color online) Data and fitting model. QENS signal
observed at T = 260 K and at wave vector Q = 1 A~! for water
in 16 A SWNT (black solid circles). The solid magenta line is the
overall fitting function, described in the text. The broad Lorentzian
component, with characteristic HWHM as I';(Q), is depicted by
the short dashed line while the narrow Lorentzian function, with
characteristic HWHM TI',(Q), is depicted by the long dashed line.
The solid black line represents the sloping background, and the
dash-dotted line is the instrumental resolution function. To highlight
the goodness of the fit, the difference between the data and the fit,
denoted residual (blue solid line), is shown at the bottom.

The parameter t is the average residence time between
jumps, and D is the diffusion coefficient. These two parameters
are inversely related via D = (r?) /61, where (r?) is the mean
squared diffusion jump length. The lines in Fig. 4 represent
the best fits to the data using Eq. (3). The diffusion coefficient
D is generally best determined at low Q, while the residence
time 7 is provided by the high Q limit of Eq. (3). Because
of this, and given the limited accessible low Q values in our
experiment, we focus solely on the influence of pressure on
the observed residence time 7. The reported residence time
for the faster component has been corrected for the coupling
between the two diffusion processes in the time domain
(as outlined in [19]).

The temperature dependence of the observed spectral
weight of the overall elastic scattering p;(Q) and the relative
fraction of the narrow Lorentzian 1 — p,(Q), introduced in (2),
is summarized in (5). To estimate the radius a of the confining
transient cage, we fitted 1 — p,(Q) using the expression
f 4+ (1 = H[3j1(Qa)/Qal? [17], where j,(x) is the spherical
Bessel function of the first order, and f is the “immobile”
fraction. From these fits [shown as dashed lines in (5)], we
find a to vary from ~5.3 A at 270 K and ambient pressure
(4.7 with pressure) to ~2.58 A (3.3 under pressure) at 220 K.
The error bars are somewhat large at low temperatures.

Figure 6 shows the variation of the residence time t
with temperature. The faster relaxation exhibits an Arrhenius
temperature dependence of the form 7 = t4e%4/R” where
the parameters 74 and E, are respectively, a pre-factor and
the process activation energy. The slow relaxation follows a
Vogel-Fulcher-Tammann (VFT) law 7 = o 70/ ~10)_ where
19, F, and T, are, respectively, a prefactor, the fragility
parameter, and the ideal glass transition temperature. The
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FIG. 6. (Color online) Temperature dependence of the residence
time of water confined in 16 A SWNT (solid squares and circles).
The application of external pressure (up to 2 kbar) decreases the
overall mobility of water molecules, with a notably stronger effect on
the slower diffusion component. The fast component is marginally
affected by pressure. Molecular diffusivity in bulk water is faster
than in SWNT [20]. The observed t values for water confined in
14 A SWNT, as measured on the high flux backscattering instrument
(HFBS) at NIST, are also shown for comparison (from Ref. [11]).

resulting fit parameters are summarized in Table 1. From
inspection of Fig. 6, it is evident that within the experimental
pressure range probed (<2 kbar), the faster component is only
marginally affected by pressure, while changes in the slow
component are noticeably large.

The activation energy E4 for the fast component of
nanoconfined water is largely unaffected by pressure, with
Es =6-7 kJ/mol, a value somewhat lower than the one
obtained for the bulk liquid at comparable temperatures.
This lower value is likely due to the interplay between the
confining matrix and the hydrogen bonds network. The limited
number of hydrogen bonding in confinement, coupled with the
interaction of the water molecules with the substrate lattice,
tends to facilitate the diffusion process of water molecules in
confinement.

Interestingly, only the observed VFT parameters associated
with the slow component vary significantly with pressure.
The fragility parameter F changes by nearly a factor of 4,
while the prefactor 7y decreases by approximately 50%

TABLE 1. Characteristic fit parameters for the two observed
diffusion components, and their evolution with pressure.

Comp. Pressure to(ps) To(K) F 14(ps) E4 (kJ/mol)
Slow  Ambient 125 212 0.09

High 80 199  0.35
Fast Ambient 1.04 7.63

High 2.01 6.49
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when pressure is applied. Yet, within the precision and the
temperature range of our measurements, the observed t are
consistently larger under pressure. Therefore, additional data
points at higher temperatures would be required before an
accurate 7y can be reported. On the other hand, the parameter 7
is reliably determined, and not affected much by pressure. The
observed T values are in excellent agreement with previous
observations of water in the nanoporous silica family of
comparable pore diameter [14]. It is worth noting that the
effect of pressure due to the curved meniscus is negligible
and marginally smaller (orders of magnitude) than that of the
externally applied pressure [21].

We note that fast inelastic processes (such as phonons)
are far outside the dynamic range of the current QENS
experiment. As a result, only the following elastic (all buried
within the parameter p;) and quasielastic scattering [with a
relative spectral weight (1 — p;)] components contribute to
the observed spectra in our hydrated sample:

(1) Scattering from the mobile molecules in the confined
H,0, quasielastic, and some elastic (due to the confinement
effect). Because the scattering cross section of hydrogen is
largely incoherent, the Q dependence of the overall signal
from the confined H,O is entirely isotropic, with a relative
elastic fraction (the true EISF) that varies with Q.

(2) Scattering from the SWNT matrix, all elastic. Because
carbon scatters neutrons coherently, the Q dependence of
the signal from carbon has strong maxima at low Q and at
the position of the structural maximum (~0.4 A~'), which
we intentionally avoided in our analysis. The contributions
from the dry sample can thus be conveniently accounted from
model fits to the data, although not exclusively.

(3) Possible scattering from water molecules in direct
contact with the matrix walls that are immobile on the QENS
time scale. This signal is elastic and roughly isotropic, again
because of the dominant incoherent scattering by hydrogen.

Regardless of the other contributions, it is only the
scattering from the mobile molecules in the confined H,O
that yields QENS broadening, whereas other contributions are
found in the elastic signal only (i.e., SWNT, immobile water
molecules in contact with the pore walls, etc.). Furthermore,
the contribution (all elastic and coherent) from the carbon
scattering to our data is further minimized due to the fact that
the data exclude the structural maximum. While the elastic
signal can be globally quantified with a single parameter p;
without measuring the dry sample, knowledge of the relative
spectral weight of the different components is, however, lost
with this approach. This analysis method is nevertheless well
suited for studies of QENS linewidths.

IV. SUMMARY

We have investigated the effects of pressure on the dynamics
of water molecules adsorbed in 16 A carbon nanotubes using
neutron spectroscopy. The high-resolution data reveal the
presence of two diffusion processes, consistent with an inter-
and intra-“water cage” dynamics. At full pore filling, the
overall molecular dynamics is hindered by pressure. This effect
is appreciably larger on the intercage dynamics than it is on
the intracage, but weaker than anticipated because the pressure
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inside the pores is anisotropic and probably affects just a small
portion of molecules, seen by the neutrons.

Recent molecular simulations [22,23] indicate that the
pressure of water inside SWNT varies approximately expo-
nentially with the bulk pressure. In this event, we anticipate
that any fairly modest change in external pressure will
significantly alter the molecular diffusion inside the pores,
in qualitative agreement with our experiment. Since the
neutrons measure the global dynamics of the molecules
adsorbed inside the pores, the net observed experimental effect
appears to be less than it is at molecular level in some part of
the sample. Investigating the effect of pressure with other pore
fillings—which could be used, for example, to separate the
neutron response of water near the pore wall from that of water
in the middle of the pore, or at higher pressure (5 or 10 kbar)—
is likely to provide valuable supplemental information, which

PHYSICAL REVIEW E 88, 022316 (2013)

would either confirm or refute the predictions. Grand canonical
Monte Carlo simulations with bond order analysis are being
carried out [24-26] for water in SWNT carbons to predict
the pressure tensor and phase transitions for confined water.
These results are expected to provide a guide to experimental
conditions where interesting phenomena are likely.
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