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Reorientational Dynamics of Water Confined in Zeolites
Aoife C. Fogarty,[a] FranÅois-Xavier Coudert,[b] Anne Boutin,[a] and Damien Laage*[a]
We present a detailed molecular-dynamics study of water reorientation and hydrogen-bond dynamics in a strong confinement situation, within the narrow pores of an all-silica Linde
type A (LTA) zeolite. Two water loadings of the zeolite are compared with the bulk case. Water dynamics are retarded in this
extreme hydrophobic confinement and the slowdown is more
pronounced at higher water loading. We show that water re-

orientation proceeds mainly by large-amplitude angular jumps,
whose mechanism is similar to that determined in the bulk.
The slowdown upon hydrophobic confinement arises predominantly from an excluded-volume effect on the large fraction of
water molecules lying at the interface with the zeolite matrix,
with an additional minor contribution coming from a structuring effect induced by the confinement.

1. Introduction
Understanding the properties of water in confinement is of
great importance in many contexts, including, for example,
biochemistry, as water can be found within narrow ion channels and protein cavities;[1, 2] geology, as water can be confined
in mineral inclusions and in clays;[3] but also in silica nanopores,[4–6] Nafion membranes used for fuel cells,[4, 7] and carbon
nanotubes,[8] metal-organic frameworks,[9, 10] and reverse
micelles.[11–15]
Experiments and simulation studies have underlined the
great impact of confinement on the structure, thermodynamics, and dynamics of water.[8, 13, 16] The dynamics of confined
water were measured to be retarded compared to the bulk situation, and several factors could be at the origin of this slowdown. However, the relative importance of the factors has not
yet been clearly established. Possible factors include, for example, the chemical nature of the confining interface (hydrophilic
or hydrophobic, polar or neutral)[17] the shape of the interface,
the size of the cavity, and the density and structure of the confined liquid.
Here, we focus on a model system to investigate the impact
of extreme confinement. We consider water confined within
an all-silica narrow-pore zeolite. Zeolites are microporous crystalline materials, which have a very wide industrial use for hydrocarbon separation and in detergents.[18] While most zeolites
include sodium or aluminum ionic defects within their silica
framework, we chose to study an all-silica zeolite.[19, 20] This zeolite contains cages of 11  in diameter which are hydrophobic
due to the low polarity of the exposed oxygen atoms and to
the absence of ionic or polar defects,[21] and into which water
can be forced under pressure.[22] Such a confining material is
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thus a good system to specifically investigate the effect of an
extreme confinement on water dynamics, in the absence of
specific interaction between water and the confining medium.
We focus here on water reorientation dynamics, which provide
a good measure of the hydrogen-bond (H-bond) network lability and dynamics, and which are accessible experimentally, for
example, by means of femtosecond infrared and NMR spectroscopies.[23]
The outline of the remainder of this paper is as follows:
In Section 2, we present the key features of the zeolite material, the two water loadings under consideration and the simulation procedure. Section 3 describes the structure of the water
nanopools within the zeolite cages, and Section 4 compares
the water reorientation dynamics within the zeolite with the
bulk reference. Section 5 then uses the extended jump
model[23] recently developed by one of us to establish the molecular origin of the observed slowdown in water dynamics in
strong hydrophobic confinement. Section 6 finally offers some
concluding remarks and comparisons with other systems.

2. Zeolite Features and Methodology
Zeolite Structure
The structure of the zeolite is the cubic Linde type A, or LTA.
This structure contains a cages of diameter ’ 13 , connected
together in a cubic symmetry by eight-membered oxygen-ring
windows of diameter ’ 6 , and smaller sodalite b cages of diameter ’ 7  (see Figure 1). This all-silica LTA zeolite was synthesized and characterized experimentally.[19, 20] In our simulations, we employed a structure obtained by energy minimization at the density functional theory level.[24] The structure is
very similar to that determined in the experiments, containing
a Si24O48 unit cell with a cubic Pm3̄m symmetry and a lattice
parameter of 11.9 . This unit cell contains one a supercage
and one sodalite b cage.
The pore volume of the a cages was calculated with an approach similar to that developed by Connolly[25] and described
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( 1 K). The propagation time step was 0.5 fs. All trajectories
were run for more than 500 ps. The bulk water reference simulation with the same SPC/E[30] water force field at 300 K was
taken from previous work.[31]
Jump Analysis
The average jump mechanism, the jump angular amplitude
and the jump time were determined by using the same approach as described in detail in ref. [31].

Figure 1. View of the LTA structure showing an a cage (center) with its eight
surrounding sodalite b cages. a cages are connected by octagonal windows.

in refs. [26, 27]. The solvent-accessible pore volume was delimited by the surface defined by rolling a probe sphere on the
zeolite framework, which was defined as an assembly of hard
spheres centered on the zeolite oxygens. The radii employed
were 1.577  for the water oxygen probe and 1.5  for the
zeolite oxygen sites, which correspond to half of the Lennard–
Jones diameters of these respective sites within the force field
employed here (see details below). The resulting accessible
volume of one a supercage was Va = 754 3, which would yield
a 5.6  radius for an ideal sphere. This value of the pore
volume was then used to determine the effective density of
the confined liquid water. Two water loadings were simulated.
In the first case (noted N = 20 or high density), 20 water molecules per LTA unit cell were introduced, which corresponds approximately to the saturation uptake in the liquid phase, as calculated by grand canonical Monte Carlo simulations,[22] and results in a mass density of 0.8 g cm3. This effective density is
smaller than the bulk density under the same pressure and
temperature conditions, which is consistent with earlier work
on water density in other hydrophobic zeolites.[26–29] In the
second case (N = 15 or low density), 15 water molecules per
unit cell were considered, which corresponds to a mass density
of 0.6 g cm3 .
Simulations
Our simulations employed the rigid, nonpolarizable SPC/E
water model,[30] which has been shown to properly reproduce
the dynamics of bulk water at room temperature.[31] Due to
the small size of the LTA unit cell, simulations were run on
a 2  2  2 supercell to reduce the influence of periodic boundary conditions. The positions of the zeolite framework atoms
were fixed. Water–zeolite interactions were modelled using the
force field described in ref. [22], which was shown to correctly
reproduce the adsorption thermodynamics of water in all-silica
zeolites.[28] Long-range electrostatic interactions were treated
by Ewald summation and both repulsion–dispersion and electrostatic-interaction energies between the rigid zeolite framework and water molecules were precomputed on a grid (with
a grid mesh of 0.2 ) and stored for use during the simulation.
After equilibration in the canonical ensemble at 300 K, classical molecular-dynamics calculations were performed in the microcanonical ensemble with an average temperature of 304 K
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3. Structure of Water
We first characterized the structural properties of water confined inside the LTA zeolite. At the lower water loading (N =
15), all water molecules lie within the a cages or within the
windows connecting them. At the higher water loading (N =
20), one water molecule per unit cell is found within the sodalite b cages while the remaining 19 water molecules are within
the a cages. We therefore focused on water molecules within
the a supercages.
We computed the radial distribution function between
water oxygen sites. This function is defined as shown in
Equation (1):
gðrÞ ¼

1 hnðrÞi
1 VðrÞ

ð1Þ

where h..i is an average over all water oxygen-atom sites, n(r)
is the number of water oxygen atoms in a shell of width Dr
and radius r around the oxygen center under consideration,
V(r) is the volume of that shell V(r) = 4 pr2Dr, and 1 is the effective water oxygen number density within the a cage at the
water loading under consideration, that is, 1 = N/Va where Va =
754 3.
The resulting radial distribution functions are presented in
Figure 2 a. The comparison with the radial distribution function
in the bulk shows that the location of the first peak, which corresponds to the H-bond length, does not change significantly
upon confinement. In contrast, the second peak, which reveals
the position of the second shell, seems to shift closer to the
central water oxygen atom upon confinement.
Compared with the bulk situation, the height of the first
peak appears to be enhanced in confinement at low density,
and unchanged in confinement at high density. However, the
radial distribution function was computed with the standard
definition used for bulk liquids. In the zeolite cages, a large
fraction of the cell volume is not accessible to water, and this
fraction changes with distance. We therefore calculated a new
radial distribution function better suited for use in a confined
fluid [Eq. (2)]:


1 nðrÞ
g ðrÞ ¼
1 V 0 ðrÞ
0

ð2Þ

Here V ’ (r) is the volume of the shell at distance r from the
oxygen site which is accessible to water. This pore volume is
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4. Water Reorientational Dynamics
We now turn to the study of water reorientation and H-bond
dynamics within the zeolite pores.
To measure the reorientation dynamics of water molecules,
we computed the second-order reorientation time-autocorrelation function for a water OH-bond vector u, which is given by
Equation (3):
C2 ðtÞ ¼ hP2 ½uð0Þ  uðtÞi

Figure 2. a) Standard radial distribution function [Eq. (1)] between water
oxygen atoms in bulk water and in the two zeolite systems. b) The same
radial distribution functions corrected for accessible volume effects [Eq. (2)].

calculated with the Connolly approach described in Section 2,
by using a stochastic sampling of the shell V(r) to measure its
overlap with the zeolite atoms and thus determine V ’ (r).
The resulting renormalized radial distribution functions are
presented in Figure 2 b. The accessible-volume correction
shows that the first peak is only slightly enhanced in confinement compared to the bulk situation. The peak is more enhanced at low water loading, possibly because each water
molecule forms fewer H bonds than at higher loading and
than in the bulk, which thus reinforces the existing H bonds.
The second peak location is now similar in confinement and in
the bulk, which shows that the apparent shift seen in the standard radial distribution function Figure 2 a was an artifact due
to the variation of the accessible volume with the distance.
The third peak is dramatically enhanced in confinement, especially at higher water loading. This peak occurs at a distance
which is approximately the separation between water molecules that are at the zeolite interface and diametrically opposed within the same a cage. At this distance, the probability
of finding a pair of water molecules remains finite while the
water-accessible volume V ’ (r) becomes very small, which leads
to the observed enhancement of the radial distribution
function.
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ð3Þ

where P2 is the second-order Legendre polynomial. For each
system, we calculated C2(t) as a function of each OH group’s Hbond acceptor at the time origin. This H-bond acceptor can be
either another water oxygen atom (OW) or, in a small fraction
of cases, a zeolite oxygen atom (OZ). The following geometric
H-bond criteria were used: RDA < 3.5 , RAH < 2.5 , and qHDA <
308, where D is the water oxygen H-bond donor atom, A the
H-bond acceptor oxygen atom, and H a hydrogen atom.
In these zeolite systems, the overwhelming majority of the
water OH groups lie within the first hydration shell of the zeolite, which is defined as containing all OH groups, the oxygen
atoms of which lie within 5  of a zeolite oxygen center.
In both the high- and the low-density systems, our results
show that on average 96 % of the water OH groups are in the
first hydration shell, of which on average 4 % point toward
a zeolite oxygen atom and satisfy the H-bond geometric
criteria.
The reorientation time-correlation functions are shown in
Figure 3 a, along with that of bulk water for comparison. In all
cases, C2(t) displays an initial rapid sub-picosecond decline followed by a longer time component. We now discuss in detail
what an examination of these two time components can tell
us about water dynamics in confinement in a zeolite system.
All values referred to in the following discussion are summarized in Table 1.
Short Time Reorientation
We first focus on the initial rapid (< 200 fs) decay in C2(t). This
sub-picosecond decay has been shown to be due to librational
motions of the OH bond.[32] In an intact H bond, the OH group
performs a librational or wobbling motion in a cone, whose
axis is the vector between the water oxygen OW and the Hbond acceptor oxygen atom (either a zeolite or water oxygen)
OA, within the frame defined by the OW–OA axis. This librational
motion is the source of the initial rapid loss of correlation in
the C2(t) function, and the size of the librational cone is a measure of H-bond strength, as the cone angle increases with decreasing H-bond strength.[32] We have calculated the cone
angles for all possible H bonds in our systems, following the
procedure detailed in ref. [32].
We first consider the OH groups initially H-bonded to water
oxygen atoms OW. For these OH groups, the initial librational
decay is approximately 20 % of the initial correlation (Figure 3 a), which corresponds to a cone semi-angle of 25–278,
a value very slightly below that found for bulk water (278). This
ChemPhysChem 2014, 15, 521 – 529
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Regarding the small fraction of water OH groups which
point towards the zeolite and which engage in H bonds with
the zeolite oxygen atoms OZ, the initial librational decay leads
to an approximately 50 % loss of the orientational correlation
(see Figure 3 a), which leads to cone semi-angles of respectively 40 and 358 in the low and high water loadings. These
values, which are markedly greater than for the OWH···OW
H bonds, show that the H bond with the zeolite matrix is
much weaker than with water. This fact is consistent with the
large-amplitude librations already found for water next to sites
of low polarity.[33, 34] The polarity of the zeolite oxygen sites is
so low that the water OH groups pointing toward the interface
can almost be characterized as dangling OH bonds. These very
weakly H-bonded groups appear as a small blue-shifted peak
in the vibrational stretch spectrum[24, 33] and have been extensively characterized experimentally at water–organic solvent
interfaces.[35]
Long Time Reorientation

Figure 3. a) Reorientation time-correlation functions C2(t) [Eq. (3)] for water
OH groups, in bulk water and in low- and high-density zeolite systems, as
a function of the initial H-bond acceptor, which can be either another water
oxygen (OW) or a zeolite oxygen (OZ) atom. b) As (a), focusing on the initial
decay. c) Frame reorientation time-correlation functions, that is, reorientation
time-correlation functions C2(t) for OH bonds between successive H-bond acceptor exchanges, for the same five subsets of OH groups.

result suggests that the water–water H bond is very slightly
strengthened upon confinement. This hypothesis is consistent
with the small redshift of the OH-stretch vibrational spectrum
upon confinement that was computed for this zeolite.[24] The
increase in water density, similarly, does not seem to have
a strong impact on the cone semiangle.
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

We now turn to the long time component in the decay of the
reorientation time-correlation function C2(t) [Eq. (3)]. This component is quantified for each initial H-bond acceptor in each
system by using the second-order reorientation time tMD
reor ,
which is extracted from a monoexponential fit of C2(t) in the
2–10 ps time interval. The most striking observation is the
slowdown in water reorientational dynamics caused by confinement, with reorientation times of 7.3 and 5.2 ps for water
initially H-bonded to OW in the high- and low-density zeolite
systems, respectively, compared to 2.5 ps in bulk water. Additionally, increasing water density in the zeolite slows down reorientational relaxation, with reorientation times of 7.3 ps for
an initial H bond to OW and 5.5 ps for an initial H bond to OZ
at high density, compared to 5.2 and 4.8 ps, respectively, at
low density. Finally, the identity of the initial H-bond acceptor
also influences reorientational dynamics. At a given density,
a water OH group initially H-bonded to OZ reorients more
quickly than an OH group initially H-bonded to OW. The reorientation times are 5.5 versus 7.3 ps, respectively, in the highdensity system and 4.8 versus 5.2 ps, respectively, in the lowdensity system.
In the next section, these observations are explained by
using a theoretical model for water reorientation, the extended
jump model, introduced by one of us.[23, 36, 37] This model is
used to precisely identify which molecular factors cause the
measured slowdown in water dynamics within zeolites.

5. Extended Jump Model Analysis
It has been shown that the main contribution to water reorientation both in the bulk and next to a range of solutes,[23, 38] as
well as in confinement in silica nanopores,[6] consists of largeamplitude angular jumps in which the reorienting OH group
changes H-bond acceptors. We first demonstrate that these
jumps are present within the zeolite pores and recall the main
aspects of the extended jump model that connects the jump
features to the water reorientation time. We then use the
ChemPhysChem 2014, 15, 521 – 529
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us to calculate the average time
evolution of each geometric parameter as a function of the
type of initial H-bond acceptor
in each system, which is present[31]
System
Low-density water
High-density water
Bulk water
ed in Figure 5.
in zeolite
in zeolite
0.6 g cm3
0.8 g cm3
We found a large-amplitude
angular jump mechanism for rejump type
OW!OW
OZ!OW
OW!OW
OZ!OW
OW!OW
orientation in each case, as
5.2  0.1
4.8  0.1
7.3  0.1
5.5  0.1
2.5  0.1
tMD
reor [ps]
14.2  0.1
1
29.1  0.2
1
5.4  0.1
tframe
reor [ps]
evidenced by the data presented
libration cone angle [8]
27  1
40  1
25  1
35  1
27  1
in Figure 5. The details of the
jump angle Dq [8]
58  2
103  2
60  2
74  2
68  2
mechanism are qualitatively sim6.9  0.2
5.5  0.2
7.6  0.3
5.5  0.2
3.3  0.1
jump time tjump [ps]
ilar in each zeolite system and in
9.0
4.4
9.5
5.5
3.6
jump reorientation time tjump
reor [ps]
5.5  0.4
4.4  0.2
7.2  0.5
5.5  0.3
2.2  0.1
EJM reorientation time tEJM
reor [ps]
bulk water. The key features are
the departure of the initial Hbond acceptor, seen in the increase in RO*Ai after the transition
state, the approach of the final acceptor to form a new
model to establish the relative importance of the different facH bond, seen in the decrease in RO*Af, and the abrupt change in
tors that affect water dynamics in strong hydrophobic
q when the OH group switches from one acceptor to the
confinement.
other. We now discuss the quantitative differences between
the systems.
Firstly, by comparing the bulk water trajectories to those in
Characterization of Angular Jumps in Zeolites
the
zeolite systems, we see that in confinement the average
Large amplitude angular jumps were recently suggested[39] to
value of RO*Af before the H-bond exchange process is between
occur in chabazite, a narrow-pore zeolite containing ionic de3.5–4.0  versus approximately 4.5  in the bulk. Similarly, the
fects. Here, we provide a confirmation and detailed characterifinal value of RO*Ai after the exchange is smaller in confinement
zation of these jumps.
than in the bulk. The first hydration shell around a given water
We performed an a posteriori analysis of our MD trajectories,
molecule peaks at 2.8  in terms of oxygen–oxygen distance,
identifying each H-bond exchange event, that is, each time
while the second hydration shell lies between 4.4 and 4.6 
a water hydroxyl group O*H* that was initially H-bonded to
(see Figure 2 b). While in the bulk the new H-bond partner Af
a water or zeolite oxygen atom Ai becomes H-bonded to a difcomes, on average, from the second hydration shell,[31] in conferent water oxygen atom Af. We defined q as the angle befinement the new partner in a significant proportion of jumps
tween the O*H* bond and the bisector plane of AiO*Af, and f comes from the first hydration shell, which leads to a lower
as the AiO*Af angle. We also defined distances RO*Ai, RO*Af, and
average initial value of RO*Af. A similar argument holds for the
RAiAf. All parameters are illustrated in Figure 4. For each H-bond
destination of the initial H-bond partner Ai and the lower final
exchange event, we calculated these geometric parameters as
value of RO*Ai in confinement.
a function of time during the 1 ps directly preceding and folSecondly, we see in Figure 5 that RAiAf and f are much larger
lowing the event. We examined more than 5000 such events
for OZ !OW jumps than for OW!OW jumps, with values of
for an initial OW acceptor and more than 1000 events for an ini3.75–5.5  and 70–1108 versus 3–3.5  and approximately 608,
tial OZ acceptor. We defined a common time origin for each
respectively. This difference is because a water OH group that
trajectory as the moment when q = 0. This definition allowed
initially points toward the zeolite must undergo a larger amplitude jump to find a new water H-bond acceptor which usually
comes from behind it. A similar effect had been described for
water at an apolar interface.[33, 34] The jump amplitude (Dq) is
defined as the value of the angle f between the initial
O*H*···Ai and final O*H*···Af H-bond axes in the jump transition-state geometry. Again, values are given in Table 1. When
the water density within the pore increases, the jump amplitude for OZ !OW jumps decreases slightly, because the new
partner can be more frequently found within the interfacial
layer. The amplitude of the OW!OW jump is little affected by
confinement in the zeolite or by a change in water density.
In summary, while confinement causes quantitative changes
in the details of the H-bond exchange process, particularly for
OZ !OW jumps, the fundamental jump mechanism underlying
Figure 4. Definition of the different geometric parameters used to follow the
water reorientation remains unchanged.
H-bond exchange event.
Table 1. Characteristic times for water reorientation and the H-bond exchange process extracted directly from
simulation and calculated by the extended jump model (EJM),[31] as defined in the text. The librational cone
angles are defined based on the reorientation time-correlation value after 200 fs using the procedure detailed
in ref. [32].
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Figure 5. Average H-bond exchange trajectories for the three systems studied (bulk water and low- and high-density zeolite systems) and the two possible initial H-bond acceptors, OW (water oxygen atom) and OZ (zeolite oxygen atom). Geometric coordinates are defined in the text and in Figure 4. The time origin
is defined by q = 0.

Extended Jump Model
Having demonstrated the existence of large-amplitude angular
jumps in the water reorientation mechanism in zeolites, we
went on to apply the extended jump model (EJM)[23] to connect these jumps to the measured water reorientation time in
the zeolite systems.
Jumps are an activated process, and can usefully be treated
as chemical reactions, that is, a process whose rate constant
can be determined by the free-energy difference between its
reactant and transition states. The jump kinetics can be followed via the cross-time correlation function (tcf) between
stable states[31] I and F (in which the OH group forms a stable
H bond with the initial and final acceptors, respectively). This
jump tcf is given by Equation (4): [23]
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Cjump ðtÞ ¼ hnI ð0ÞnF ðtÞi

ð4Þ

where nI,F = 1 if the OH group is in stable state I and F, respectively, and nI,F = 0 otherwise. Absorbing boundary conditions
are used in the product state, so that only the first jump performed by each OH group is considered. The jump time, tjump,
which is the inverse of the rate constant for the H-bond acceptor exchange, can then be found through a monoexponential fit of 1Cjump(t) in the 0.5–10 ps time interval. The amplitude of the jump angle Dq has an average bulk water value of
688,[31] and deviates from this value in the presence of a solute
or in confinement.
A secondary and minor contribution to water reorientation
arises from the tumbling of the molecular frame, that is, the reChemPhysChem 2014, 15, 521 – 529
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orientation of an intact H bond between jumps.[31] The time
constant for this process, tframe
reor , can be extracted from an exponential fit of the C2(t) reorientation correlation function of the
OW–H vector between jumps, which is an approximation of the
OW–OA vector between jumps.
The jump and frame-tumbling contributions to reorientation
can then be combined in the extended jump model to give
a predicted second-order reorientation time, thus we obtain
Equation (5):[31]
1
1
1
¼ jump þ frame
tEJM
treor
treor
reor

ð5Þ

where the jump contribution is given by Equation (6):[31]
jump
tjump
=½1  sinð5Dq=2Þ=ð5sinðDq=2Þ
reor ¼ t

ð6Þ

The EJM model has been shown to give results in agreement with both NMR and pump-probe infrared spectroscopy
experiments on bulk water, as well as with reorientation times
calculated directly from molecular-dynamics simulations.[37]
This model also holds true for water reorientation in confinement in zeolites, as we show now.
The values resulting from application of the EJM are given in
Table 1. Comparison of extended jump reorientation times
from the model (tEJM
reor ) with reorientation times directly calculated from simulation (tMD
reor ) shows that the model correctly reproduces reorientation times in each case. The extended jump
model can therefore be used to analyze and understand reorientational dynamics in these systems. We now use this model
to elucidate the molecular origins of the effects of confinement and changes in density and the initial H-bond acceptor
on reorientational dynamics.
Origin of Slowdown
Our principal observation was the slowdown in water reorientation upon confinement in zeolites. We first concentrate on
the comparison between reorientation times for OH groups initially H-bonded to water oxygen atoms, in either bulk water
or the zeolite, since they represent the dominant population
within the pores.
Values in Table 1 show that the frame contribution slows
down dramatically in confinement. However, a comparison of
the jump and frame reorientation times shows that the frame
is a minor contribution to the overall reorientation time and it
is in fact the slowdown in the jump component that is the
main cause of the overall reorientation retardation. Within the
EJM, the jump reorientation time is only determined by the
jump amplitude and by the jump time, and the values reported in Table 1 unambiguously show that the treor retardation
arises from a slowdown in the H-bond jump time tjump.
We now analyze the origin of this slowdown in the jump
time. The retardation factor compared with the bulk case is
6.9/3.3 = 2.1 and 7.6/3.3 = 2.3 in the zeolite low and high water
loading cases (see Table 1). A first cause of this slowdown
comes from an excluded-volume effect for water OH groups
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lying at the interface with the zeolite wall. Our structural analysis has shown that they represent the overwhelming majority
(’ 96 %) of the water molecules within the pores. Since part of
the rate-limiting step in the H-bond jump mechanism is the
approach of a new H-bond partner, the presence of a solute or
an interface hinders this approach and leads to an excludedvolume effect at the jump transition state, which results in
a slowdown in the jump rate constant. This mechanism
has been described in detail for water molecules next to
small hydrophobic convex solutes[40] and next to flat apolar
interfaces.[33, 34]
By starting from the simple analytic prediction of the jump
slowdown factor that was derived for water next to a spherical
convex solute in ref. [40], it is straightforward to show that for
water within a spherical concave pore, the slowdown factor
can be approximated as in Equation (7):
(
1jump ¼

"

#)1
r2  2 rR þ ðRz Þ2  Rz d cosðDqÞ
1=p arccos
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Rz sinðDqÞ ðR  rÞ2  ðd=2Þ2

ð7Þ

where R is the radius of the spherical cavity, r is the distance
between the interfacial hydration layer and the minimum approach position next to the pore, R° is the distance between
oxygen atoms at the jump transition state, Dq is the amplitude
of the angular jump, and d is the average distance between
two H-bonded water oxygen atoms. With typical values for
these parameters (R° = 3.2 , Dq = 608, d = 2.8 , and r = 0.8 ),
and with the radius of the zeolite pores under consideration
R = 5.6 , the predicted excluded-volume slowdown factor is
1jump ’ 1.9. This value is very close to that previously determined next to a flat apolar surface.[33, 34]
An additional contribution to the overall slowdown in the
jump time arises from the enhancement of the water structure
induced by the confining interfaces. While the effect of
a single interface disappears after a few hydration layers, the
confinement within the narrow pores of the zeolite studied
here causes a strong structuring effect. This effect can be seen
in the radial distribution functions presented in Figure 2 b,
which reveal an enhancement of the peaks and of the dips
compared with the bulk situation. This increased local structure leads to a greater free-energy cost for the elongation of
the initial H bond and for the approach of the new H-bond
partner that predominantly originates from the second shell,
which was shown to bring a dominant contribution to the
jump free-energy barrier.[31] As shown in ref. [31], the jump
free-energy barrier can be approximated as [Eq. (8)]:
z
z
DGz ﬃ ðRO* Ai Þ  wðRRO* Ai Þ þ wðRO* Af Þ  wðRRO* Af Þ

ð8Þ

where O* is the central rotating water oxygen atom, Ai and Af
are the initial and final H-bond acceptors, R° is the distance at
the jump transition state, and RR is the value in the reactants,
that is, the initial stable H bond. w(r) is the potential of mean
force along the oxygen–oxygen distance (Figure 6), see Equation (9), which is computed from the radial distribution
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at high density, while the corresponding values for an OH
group initially H-bonded to a zeolite oxygen are 4.8 and 5.5 ps.
This slowdown is dominated by an increase in tframe
reor , which is
very sensitive to density. Frame tumbling is a diffusive motion,
and is therefore retarded by the increasing viscosity which
comes from increasing density. (We note that the frame tumbling time becomes infinite for OH groups H-bonded to OZ
sites because the zeolite framework is fixed and this H bond
cannot tumble.)

6. Conclusions

Figure 6. Potential of mean force as a function of water oxygen atom–water
oxygen atom distance calculated using the g’(r) radial distribution functions
modified to take into account the volume accessible to the confined water
[Eq. (2)].

function.
wðrÞ ¼ kB Tln½g0 ðrÞ

ð9Þ

By using the R° and RR values determined from the average
jump mechanisms in Figure 5, the slowdown induced by the
confinement-induced structuring is [Eq. (10)]:
z
z
1 ¼ ðDGzeolite  DGbulk Þ=kB T ﬃ 1:2  0:2

ð10Þ

When combined together, these two slowdown factors lead
to a satisfactory agreement with the directly computed retardation factor for the jump time (2.1 and 2.3 in the low- and
high-density systems, respectively). Our analysis has thus separated the contributions that arise from an excluded-volume
effect on interfacial water molecules and from a confinementinduced structuring effect. Although our estimates are not fully
quantitative, our approach can already clearly show that the
dominant effect arises from the steric excluded-volume effect
due to the large fraction of water molecules lying at the interface, with an additional contribution from the structuring
effect.
We further note that the faster reorientation dynamics measured at a given water density for the water OH groups that initially point towards the zeolite oxygen atoms OZ than for
those H-bonded to water oxygen atoms OW can also be rationalized by the extended jump model approach. Table 1 shows
that this shorter reorientation time is due to a shorter jump
time for H-bond exchange for OZ !OW jumps than for OW!OW
jumps. This jump time in turn depends on the free-energy cost
to stretch the initial H bond to the jump transition state.[23]
As noted above from an examination of the librational cone
size, an OWH···OZ H bond is weaker than an OWH···OW H bond,
which facilitates the H-bond jumps and thus the reorientation.
Finally, we observe water dynamics to depend on the density of water in the zeolite. Increasing water density slows down
reorientational relaxation. For an OH group initially H-bonded
to a water oxygen atom, treor is 5.2 ps at low density and 7.3 ps
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

We have shown that within the narrow, 11 -diameter hydrophobic pores of an all-silica zeolite, water reorientation occurs
through large amplitude jumps. Water reorientation is retarded
by a factor of 2–3 compared with the bulk situation. Most of
this slowdown is due to an excluded-volume effect which affects the water molecules at the zeolite interface. Additional
smaller contributions arise from the enhanced water structure
induced by the confinement within the narrow zeolite pores
and from the slower reorientation of intact H bonds between
successive H-bond jumps.
The present study has determined and analyzed the effect
on water dynamics of a very strong confinement within
a matrix which is hydrophobic and has no specific interaction
with the water molecules. Other studies of wider nanopores[5, 6]
found a retardation factor of approximately two for the interfacial water molecules, which is consistent with our present results. At the interface with large polar nanopores[5, 6] and within
reverse micelles of sizes similar to the zeolite cages studied
here,[11–15] the presence of the strongly hydrophilic surfactant
headgroups leads to a much greater slowdown of water dynamics. While the effect on water dynamics of hydrophilic defects within hydrophobic zeolites[21] deserves a further specific
study, these results together with our present study already
suggest that the presence of the interface and its chemical
nature have a much greater impact on water dynamics than
does confinement.
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