
Orientational Dynamics of
Liquids Confined in Nanoporous
Sol-Gel Glasses Studied by
Optical Kerr Effect Spectroscopy
RICHARD A. FARRER AND JOHN T. FOURKAS*
Eugene F. Merkert Chemistry Center, Boston College,
Chestnut Hill, Massachusetts 02467

Received January 16, 2003

ABSTRACT
When a liquid is restricted to volumes on a molecular distance
scale, its orientational and translational dynamics are perturbed
strongly by the confinement. Nanoporous sol-gel glasses are an
excellent model system for studying the effects of confinement on
the behavior of liquids, and in this Account we review experiments
in which ultrafast optical Kerr effect spectroscopy has been used
to study the orientational dynamics of liquids confined in these
media. We contrast the effects of confinement on the orientational
dynamics of weakly wetting, strongly wetting, and networked
liquids, and we discuss the influence of factors such as pore size,
molecular shape, and surface chemistry.

Introduction
Confinement of a liquid on a distance scale on the order
of a few molecular diameters has a strong influence on
its structure and dynamics. Beyond the intrinsic interest
in understanding how finite-size effects influence liquids,
confined liquids play an important role in fields such as
catalysis, lubrication, separations, oil recovery, cellular
dynamics, and microfluidic technology. As a result, the
structural and dynamic properties of liquids confined in
small spaces have received considerable attention in
recent years.1,2

There are several mechanisms through which confine-
ment affects the behavior of liquids. For instance, attrac-
tive interactions with confining surfaces can play a major
role in inhibiting the dynamics of molecules. As the
volume of the confining region decreases, the fraction of
liquid molecules in contact with the surfaces increases.
Thus, even liquids that have weak attractions to the
surfaces are affected significantly by confinement. The
shape of the liquid molecules and the interactions among
them also play important roles in influencing the behavior
of confined liquids.

Monitoring the dynamics of liquids confined to small
volumes is a challenge in itself. When studying confined

liquids, one must ensure that changes in dynamics
induced by the surfaces are detectable over the dynamics
of the bulk liquid. Solving this problem requires either a
system in which a large fraction of the liquid molecules
are in contact with the surfaces or a technique that probes
interfacial dynamics selectively. Since the chemical nature
of the confining surfaces may additionally be important,
using a system in which this property can be modified
also has distinct advantages.

In 1986, Warnock, Awschalom, and Schafer3 reported
the first time-resolved study of the dynamics of liquids
confined in nanoporous sol-gel glasses.4 Using optical
Kerr effect (OKE) spectroscopy,5,6 they found that the
orientational diffusion time of confined CS2 was identical
to that of the bulk liquid. However, the OKE signal for
nitrobenzene confined to glasses having hydrophilic
surfaces decayed on two separate time scales, one of
which was similar to that of the bulk liquid and the other
of which was approximately three times slower. When the
same experiment was performed in hydrophobic pores,
the decay rate of the OKE signal matched that in the bulk
liquid. It was thus concluded that the reorientational
retardation observed in confinement arose from inter-
actions with the surface hydroxyl groups of the glasses.3

Since this initial work, many techniques have been
employed to probe the dynamics of liquids confined in
sol-gel glasses, including Raman spectroscopy,7-9

NMR,10-14 Rayleigh-wing scattering,15-17 time-resolved
phosphorescence18-20 and fluorescence spectroscopies,21

and dielectric spectroscopy.22-26 Of particular relevance
here are the studies of Jonas and co-workers, who have
employed NMR10-14 and Raman8,9 spectroscopies to gain
detailed insights into the orientational dynamics of liquids
confined in sol-gel glasses. For instance, while Warnock
et al. did not have the experimental sensitivity to discern
a difference between the dynamics of bulk and confined
CS2,3 Jonas and co-workers were able to determine that
CS2 near pore surfaces has dynamics that are retarded as
compared to those of the bulk.9,14

Here we recount the results of experiments in which
we have used ultrafast OKE spectroscopy to study the
dynamics of liquids confined in nanoporous sol-gel
glasses. Silicate sol-gel glasses4 are excellent media in
which to study confined liquids. The high optical quality
and low birefringence of these materials help to keep
background signal to a minimum. By varying the synthetic
conditions, the pore diameter can be varied between 15
and 100 Å, with a small standard deviation. The surfaces
of the pores feature silanol groups, which render the
glasses hydrophilic. The chemistry of these silanol groups
is well-known, allowing the chemical nature of the pore
surfaces to be modified with a variety of organosilane
reagents.27

Advances in laser technology allow us to obtain OKE
data with a signal-to-noise ratio that is orders of magni-
tude larger than was possible when this technique was
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first used to study confined liquids.3 OKE spectroscopy
allows us to obtain detailed, quantitative information
about the structure and dynamics of liquids confined in
sol-gel glasses. The information obtained is complemen-
tary to that provided by NMR and Raman spectroscopies,
in that OKE spectroscopy measures the collective orien-
tational correlation function of a liquid as opposed to the
single-molecule orientational correlation function.28,29

Below we demonstrate that OKE spectroscopy can reveal
how confinement affects the orientational dynamics of
weakly wetting, strongly wetting, and networked liquids,
as well as how these dynamics are influenced by factors
such as pore size, the composition of the pore surfaces,
and the shape of the liquid molecules.

Experimental Methods and Materials
Our experimental apparatus employs a Ti:sapphire laser
that produces 50 fs pulses with a center wavelength of
800 nm at a repetition rate of 76 MHz. The apparatus has
been described in detail elsewhere,30 so here we provide
only a brief description of the operating principles of OKE
spectroscopy.30-32 When a transparent liquid composed
of anisotropically polarizable molecules is exposed to an
intense ultrafast laser pulse (the “pump”), a dipole mo-
ment is induced along the axis of maximum polarizability
of each molecule. The pump pulse serves as a “starting
gun” for molecular dynamics by coherently exciting the
Raman-active low-frequency and orientational modes of
the liquid, including frustrated oscillatory motions (libra-
tions). Coherent librational motion damps out over a few
picoseconds, leaving a slight orientational anisotropy in
the liquid. The intrinsic orientational diffusion of the liquid
molecules causes this induced order to decay on a time
scale of picoseconds or longer.

The orientational anisotropy induced by the pump
pulse creates a slight birefringence in the liquid. To
determine the net molecular alignment in the sample, a
low-intensity “probe” pulse that is polarized at 45° with
respect to the pump pulse is passed through the sample
and into a perpendicular “analyzer” polarizer. If no
birefringence is encountered, none of the probe pulse
passes through the analyzer. However, if the probe pulse
encounters birefringence within the sample, its polariza-
tion will be modified, and a portion will pass through the
analyzer. By varying the arrival time of the probe pulse,
the birefringence of the liquid can be probed before,
during, and after the pump pulse, thereby measuring the
buildup and decay of the orientational anisotropy. We
typically obtain scans out to delay times of a few tens of
picoseconds to 100 ps, depending on the rate at which
the anisotropy in the liquid relaxes.

We synthesize sol-gel glass samples using a two-step
acid/base catalyzed procedure developed by Brinker that
produces samples containing tortuous cylindrical pores
that occupy roughly half of the volume of a monolithic
sample.4 Prior to use, the cylindrical samples are sanded
to a thickness of approximately two millimeters, after
which both sides are polished to optical quality.

Weakly Wetting Liquids
By virtue of their modest attractive interactions with pore
surfaces, weakly wetting liquids are well suited for study-
ing the role of physical features, such as molecular shape
and pore size, in the behavior of confined liquids. A
prototypical weakly wetting liquid that gives a strong OKE
signal is CS2.33,34 Figure 1 displays room-temperature OKE
decays of CS2 in the bulk and confined in 21, 25, 28, and
45 Å diameter pores.34 At times less than 5 ps, librational
dynamics account for a significant portion of the OKE
signal. We will focus on longer times, for which the decay
is dominated by reorientational dynamics. As is expected
for a liquid composed of linear molecules, the reorienta-
tional dynamics of bulk CS2 can be described by a single-
exponential decay,28 the time constant of which we denote
τbulk. However, the dynamics of the nanoconfined liquid
exhibit a pore-size-dependent decay that is significantly
slower than that of the bulk liquid.34

The OKE decays for the confined liquid can be fit
empirically by a sum of three exponentials.34 The time
constant of the fastest exponential is always similar to that
of the bulk liquid, and so it was constrained to equal τbulk.
This portion of the decay arises from molecules that are
far enough from the pore walls that their orientational
dynamics are unaffected by confinement. The remain-
inder of the decay arises from molecules having dynamics
that are inhibited by proximity to the pore surfaces. The
intermediate time constant, τ2, is 3-4 times larger than
the τbulk, while the longest time constant, τ3, is 3-5 times
larger than τ2. Thus, even though CS2 has only weak
attractive interactions with the pore walls, a significant
portion of the relaxation is an order of magnitude slower
than in the bulk.

The orientational correlation time of a solute in a
simple solvent is given by35

where η is the solvent viscosity, rH is the solute hydrody-
namic radius, T is the temperature, kB is Boltzmann’s
constant, and f is related to the boundary conditions for
reorientation. OKE spectroscopy measures the collective
orientational correlation time, τc, of the solvent itself, but
a graph of τc versus η/T is generally linear for simple
liquids.36 Indeed, τc behaves hydrodynamically over the

FIGURE 1. Representative CS2 OKE decays obtained at 290 K. The
data sets have been displaced for clarity.34
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entire liquid temperature range of CS2.34 The only param-
eters in eq 1 that might change near surfaces are η, rH,
and f; of these, only η should depend significantly on the
temperature. Thus, if a change in η near the surfaces was
alone responsible for the retardation of the molecular
motion, an effective surface viscosity, ηeff, could be
calculated from

where 〈τsurf〉 is the average surface relaxation time (vide
infra). The viscosity of CS2 was measured at every tem-
perature at which OKE measurements were made, and
follows Arrhenius behavior.34 As shown in Figure 2, ηeff

also exhibits Arrhenius behavior, with a slope that is nearly
identical to that of η. We interpret the fact that the
activation energy for reorientation remains unchanged at
the pore surfaces as indicating that it is not an increased
viscosity that is responsible for the observed dynamic
inhibition.

There is additional information to be gained from the
amplitude of each exponential, which is proportional to
the population of molecules that exhibit that orientational
decay divided by the corresponding time constant. In
other words, the signal, S(t), is given by

We can therefore determine the relative population cor-
responding to each time constant in the decay. We can
further define an average surface relaxation time:

The corresponding surface population is given by

Using psurf and the pore radius, we can compute the
thickness of the dynamically inhibited layer. Figure 3
shows how the thickness of the surface population of CS2

depends on temperature. Notably, the dynamically inhib-

ited surface population remains less than a monolayer
thick over the entire liquid range of CS2.

Why is it that only a fraction of the molecules at the
pore surfaces experience dynamic retardation? The answer
to this question can be illustrated with another weakly
wetting liquid we have studied, 2-butyne.37 A molecule
that is allowed to rotate freely will do so about its center
of mass, as depicted in Figure 4a for a 2-butyne molecule
near the center of a pore. Over the small angles required
to restore the orientational isotropy of the liquid following
the pump pulse, a molecule that is in contact with a
surface and has its long axis perpendicular to the pore
wall (Figure 4b) is also able to reorient about its center of
mass. Such a molecule’s hydrodynamic volume and rate
of reorientation are identical to those in the bulk. How-
ever, if a molecule is in contact with the surface of a pore
with its long axis parallel to the pore surface (Figure 4c),
it cannot rotate off of the surface about its center of mass;
it must instead pivot around one of its ends, increasing
its hydrodynamic volume and thereby its orientational
correlation time. The curvature of the pores additionally
imposes a geometric boundary condition for the reorien-
tation of molecules along the pore surfaces. Figure 4d
depicts a 2-butyne molecule lying on a flat surface. This
molecule can rotate about its center of mass in the plane
that is parallel to the solid surface. However, if the surface
is curved (Figure 4e), the molecule must move some
distance away from the surface to reorient in this manner,

FIGURE 2. Arrhenius plots of the bulk viscosity (b) and effective
surface viscosity of CS2 in 45 (1), 28 (9), 25 ([), and 21 Å pores
(2).34
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FIGURE 3. Estimated thickness of the dynamically inhibited surface
layer of CS2.34

FIGURE 4. Schematic depiction of the hydrodynamic volume
required for a 2-butyne molecule to reorient (a) far from a pore wall,
(b) near a pore wall but pointing roughly along the surface normal,
(c) off of a pore wall, (d) along a flat surface, and (e) along a curved
surface.
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leading to dynamic inhibition. The degree of this inhibi-
tion increases as the pore radius decreases.

Room-temperature OKE scans were obtained for 2-bu-
tyne in the bulk and confined within 42, 62, and 91 Å
diameter pores.37 As was the case for CS2, the decay for
bulk 2-butyne is fit well by a single exponential, whereas
the decays for the confined liquid can be described by a
sum of three exponentials. The fastest time constant in
the confined OKE decays again matches that of the bulk
and is assumed to arise from a bulklike population of
molecules. The intermediate time constant is twice as
large as τbulk, regardless of the pore size, whereas the third
time constant is approximately eight times larger than τbulk

and does depend on pore size.

For the purposes of interpreting these results, a mol-
ecule of 2-butyne can be modeled as a cylinder with a
significant aspect ratio. The hydrodynamic volume re-
quired for the rotation of such a cylinder off of a surface
would be expected to be twice that needed for reorienta-
tion about its center of mass. We therefore conclude that
the intermediate exponential decay arises from reorienta-
tion off of the pore surfaces.37 The fact that the value of
this time constant is independent of pore size supports
this assignment. On the other hand, τ3 does increase
modestly with decreasing pore diameter, which is con-
sistent with dynamic inhibition due to geometric confine-
ment effects.37

It is also interesting to contrast our results to those from
studies of longer-time dynamics of supercooled weakly
wetting liquids.18-20 Because motions become consider-
ably more cooperative as liquids are supercooled, the
influence of the confining surfaces is felt over a signifi-
cantly larger distance scale than in normal liquids, and
the time scale for surface relaxation is therefore much
slower than that in the bulk. However, it is still observed
that the activation energy for surface reorientation is
comparable to that of the bulk liquid.20

Strongly Wetting Liquids
For some liquids, the presence of hydroxyl groups on the
pore surfaces can lead to wetting via hydrogen bonding.
In non-networked liquids, this hydrogen bonding can be
comparable to or stronger than the attractive interactions
among the liquid molecules themselves. Acetonitrile was
studied as a prototypical liquid that does not exhibit strong
networking but does accept hydrogen bonds from the
surfaces. Temperature-dependent OKE data were col-
lected in the bulk and in 24 and 42 Å pores.38,39 Bulk
acetonitrile exhibits exponential reorientational dynamics
over its entire liquid temperature range, while the reori-
entation of the confined liquid can again be fit with a sum
of three exponentials, the time constants of which are
identical in both pore sizes.39 The time constant of the
fastest decay matches that of the bulk liquid, while the
slowest reorientational time is approximately 20 times
larger than that of the bulk liquid. Deuteration of the
surface hydroxyl groups does not affect the OKE decays

of the confined liquid, indicating that surface relaxation
does not involve the breaking of hydrogen bonds.39

The effective viscosities associated with each exponen-
tial decay are plotted in Arrhenius form in Figure 5.38,39

While the slopes for the fastest and slowest relaxation are
similar (the corresponding activation energies are 7.2 kJ/
mol and 8.5 kJ/mol, respectively), the slope for the
intermediate relaxation is considerably smaller (the cor-
responding activation energy is 4.7 kJ/mol). The existence
of a population with a lower activation energy for reori-
entation than in the bulk is not plausible, so we must look
elsewhere to explain the origins of the decays.

We believe that the slowest relaxation arises from
molecules bound to the pore surfaces. Since this relaxation
is over 20 times slower than in the bulk, it is possible that
exchange between the surface and bulklike populations
can occur on a time scale faster than that of than surface
relaxation, opening a new channel for relaxation of surface
molecules. To assess this idea, a kinetic model was
developed39 in which the surface population was divided
into exchangeable and nonexchangeable portions, leading
to a reorientational decay that is described well by a sum
of three exponentials. The time constants and amplitudes
of these exponentials can be used to calculate the relative
populations and the rate constants of orientational relax-
ation. The temperature-dependent thickness of the surface
layer and the thicknesses of the exchangeable and non-
exchangeable portions of the surface layer as calculated
from this model are shown in Figure 6. As expected, the
thickness of the surface layer increases with decreasing
temperature, and is greater than one monolayer at all

FIGURE 5. Arrhenius plot of ηeff for each exponential observed in
the OKE decay of confined acetonitrile. Lines are linear least-squares
fits to the data.39

FIGURE 6. Temperature dependence of the estimated thickness
of the surface layer of confined acetonitrile (9) and its breakdown
into exchangeable (b) and nonexchangeable (1) components.39
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temperatures. The exchangeable and nonexchangeable
populations are similar in magnitude to one another at
each temperature.

As an independent cross-check of our results, we
compared them to Zhang and Jonas’ NMR study of
acetonitrile in sol-gel glasses.12 The NMR time scale is
much slower than that of reorientation, so NMR experi-
ments provide a population-averaged single-molecule
orientational correlation time, τs. By using the surface-
layer thickness derived from our data in conjunction with
τs, we can calculate the surface single-molecule orienta-
tional correlation time and compare it with the collective
surface orientational correlation time that we measure.
These times should be related by a factor that is weakly
dependent on temperature and the magnitude of which
depends on the degree of ordering in the liquid. Arrhenius
plots of τs and τc in the bulk and at the pore surfaces are
shown in Figure 7.39 The plots for the bulk liquid are
parallel, as are those for the surface relaxation, supporting
our kinetic model. The larger separation between the plots
of τs and τc at the pore surfaces indicates that, as expected,
the liquid exhibits greater ordering there than in the bulk.

Finally, when acetonitrile is confined in pores in which
the hydroxyl groups have been converted to hydrophobic
groups, the orientational dynamics change drastically to
resemble those of a weakly wetting liquid.39 Two expo-
nential decays are observed, one that matches that of the
bulk liquid and one that is 3-4 times slower and depends
on the pore size. Additionally, in hydrophobic pores the
dynamically inhibited surface population is less than a
monolayer thick over the full liquid temperature range of
acetonitrile.

We can assemble this information into a coherent
picture of the effects of confinement on acetonitrile.39 The
liquid in the pores separates into two populations, one of
which is bulklike in behavior and the other of which has
dynamics that are hindered by interactions with surface
hydroxyl groups. There is also a possibility for exchange
between the two populations, providing another pathway
for orientational relaxation of the surface molecules.
However, the relaxation of acetonitrile molecules that are
hydrogen bonded to the surfaces does not involve break-
ing of hydrogen bonds, so these molecules cannot ex-
change. On the other hand, the sizable dipole moment of

acetonitrile (3.92 D)40 presumably causes molecules to
align in an antiparallel fashion at the pore surfaces, such
that the unbound molecules that are interdigitated among
the bound molecules are primed for exchange into the
bulk. Support for this theory comes from the fact that the
populations of exchangeable and nonexchangeable sur-
face molecules are nearly equal.

Networked Liquids
The existence of strong attractive intermolecular inter-
actions can have a considerable influence on the behavior
of a confined liquid, whether it wets the confining
surfaces. Water is a case in point, and we have recently
studied its dynamics at room temperature in both hydro-
philic and hydrophobic pores.41 There are significant
differences between the behavior of water near hydro-
philic and hydrophobic surfaces,42,43 and how these dif-
ferences are manifested in confinement is of importance,
for instance, in many biological systems. At hydrophilic
surfaces, the number of water-water hydrogen bonds
decreases, as the water molecules tend to form hydrogen
bonds with the surface,43 thereby leading to significant
dynamic inhibition. At hydrophobic surfaces, the dynam-
ics of water are influenced by two competing effects. On
one hand, the lack of hydrogen bonding to hydrophobic
pore walls provides lubrication that augments the dynam-
ics of the liquid.42,43 On the other hand, since the water
cannot hydrogen bond to the surface, additional hydrogen
bonding occurs among the water molecules themselves,
which tends to inhibit dynamics. Thus, the dynamics
depend on a delicate balance of opposing effects that can
be influenced by the pore size and the temperature,
among other factors.

The OKE signal is proportional to the negative time
derivative of the collective orientational correlation func-
tion, Ccoll(t).44 We can therefore calculate this correlation
function by integrating the OKE signal, so long as the
constant of integration can be determined accurately.41

If the OKE decay can be fit to a well-defined functional
form, such as a sum of exponentials or a power law, this
constant can be determined uniquely. An important
advantage of calculating Ccoll(t) is that the integration
damps high-frequency noise, resulting in an improved
signal-to-noise ratio at long delay times.

We have collected room-temperature OKE data for
water confined to both hydrophilic and hydrophobic
pores.41 While water cannot enter dry hydrophobic glasses,
it can displace another liquid that is filling the pores. Thus,
glasses filled with CD3OH were soaked several times in
water. The exchange of water for methanol within the
pores was monitored by the disappearance of CD3 vibra-
tional modes in the IR spectrum. The glasses were
subjected to a final water treatment after the CD3 peak
had disappeared from the IR absorption trace, at which
point we estimate that at least 95% of the methanol had
been removed.

The symmetry of a water molecule is such that water
should exhibit a biexponential OKE decay.28 We find that

FIGURE 7. Arrhenius plots of the bulk (triangles) and surface
(circles) orientational correlation times of acetonitrile from NMR
(closed symbols) and OKE measurements (open symbols). Lines are
linear least-squares fits to the data.39
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Ccoll(t) for bulk water can be fit reasonably well to a
biexponential decay with time constants of 0.81 and 2.7
ps, in good agreement with the data of Winkler et al.45

The slower decay arises from orientational relaxation,
although the source of the faster decay is less certain.
However, a close inspection of the residuals from this fit
reveal systematic deviations, so we sought another way
to analyze the data.41 As shown in Figure 8, the bulk decay
can be represented well by a pair of power laws, t-b. The
first power law has an exponent of b1 ) 0.66 and is
operative in the range of 100 fs to 1 ps. The second power
law has an exponent of b2 ) 2.0 and is observed from
approximately 2 ps onward. We are working to derive a
theoretical basis for power-law decays in water, but for
our purposes here this should be taken only as a conve-
nient empirical description.

Figure 8 also shows log-log plots of Ccoll(t) for water
confined in hydrophobic and hydrophilic pores having
diameters of 25, 59, and 98 Å, along with power-law fits.41

The power-law fits describe the confined water data well
out to a time scale of approximately 15 ps, although in
the smallest pores only a single power law is observed. At
times longer than about 15 ps, Ccoll(t) decays exponentially
with a time constant that we will denote τ. The values of
b1, b2, and τ for each decay are listed in Table 1.

We believe that the long-time exponential decays
observed in confinement arise from orientational relax-
ation at the pore surfaces. In all pore sizes, the surface
relaxation is faster in hydrophobic pores than in hydro-
philic pores, indicating that the lack of hydrogen bonding
to the hydrophobic surfaces increases the rate of relax-
ation to a greater extent than it is decreased by the

additional hydrogen bonding among water molecules near
the surfaces. This observation is in agreement with
simulations of water at flat hydrophobic and hydrophilic
surfaces.42,43 Note, however, that the rate of surface
relaxation does depend strongly on the pore diameter,
suggesting that the relaxation is highly cooperative.

The second power law decay presumably arises from
orientational relaxation of molecules that are not in
contact with the pore walls. Strikingly, this relaxation
shows no indication of bulklike dynamics in hydrophilic
or hydrophobic pores of any size studied here. In all cases,
the power-law exponent b2 is considerably smaller than
the value of 2.0 observed in bulk water. Considering that
the orientational dynamics are strongly perturbed even
when the pore diameter is 98 Å, we conclude that the
orientational relaxation of water involves cooperative
motions that extend out to distance scales significantly
larger than the diameter of a single molecule.

In contrast to the behavior of the long-time exponential
relaxation, the values of b2 in Table 1 indicate that the
relaxation of the molecules that are not in contact with
the pore walls is slower in hydrophobic pores than in
hydrophilic pores. However, it should be remembered that
the process of making the pores hydrophobic also de-
creases the pore diameters. Indeed, as shown in Figure 9,
if we assume that making the samples hydrophobic
reduces the pore radius by 6 Å then b2 varies smoothly
with pore curvature. Thus, while the dynamics of the
liquid that is not in contact with the pore walls is highly
cooperative in nature, it is not influenced substantially
by the chemical nature of the pore surfaces.

Conclusions
In this Account we have reviewed studies of the orienta-
tional dynamics of weakly wetting, strongly wetting, and
networked liquids confined in nanoporous sol-gel glasses.
OKE spectroscopy has allowed us to develop a detailed
quantitative picture of the effects of confinement on the
dynamics and structure of these liquids. In all the cases,
the dynamics of the confined liquids are slower than those
observed in the bulk. This inhibition arises from a number
of different mechanisms, including geometrical con-

FIGURE 8. Log-log plots of Ccoll(t) for water in the bulk and in
confinement, along with power-law fits (dashed lines). The lower
trace for each diameter is for hydrophilic pores and the upper trace
is for hydrophobic pores. The data sets have been displaced for
clarity.41

Table 1. Fitting Parameters for Ccoll(t)a

sample τ (ps) b1 b2

bulk water - 0.66 2.0
100 Å pores, unmodified 20 0.46 0.97
98 Å pores, modified 18 0.49 0.80
59 Å pores, unmodified 31 0.42 0.64
59 Å pores, modified 25 0.45 0.56
25 Å pores, unmodified 36 0.33
25 Å pores, modified 29 0.07
a Uncertainties in τ are approximately (2 ps, and uncertainties

in b1 and b2 are approximately (0.03.

FIGURE 9. Variation of b2 with pore curvature for the bulk liquid
(2), hydrophilic pores (b), and hydrophobic pores (9). The radii of
the hydrophobic pores have been decreased by 6 Å to account for
surface modification. The line is a guide for the eye.41
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straints for reorientation at the pore surfaces and a change
in the hydrodynamic volume for reorientation of mol-
ecules off of the pore walls in weakly wetting liquids,
chemical interactions with functional groups on the pore
surfaces in strongly wetting liquids, and interference with
long-range cooperativity in networked liquids.

Liquids confined on the nanoscale exhibit a rich
complexity of behavior, and the experiments described
here have only begun to establish guiding principles for
predicting how confinement will affect any given liquid.
Many major avenues in this field that are of relevance to
other areas of science and technology remain to be
explored; for instance, little is known about how confine-
ment affects the behavior of mixtures and solutions.
Additionally, since OKE spectroscopy is sensitive primarily
to orientational dynamics, it would be of great interest to
perform complementary measurements of translational
dynamics in the systems studied here, which can be
accomplished for instance using pulsed-field-gradient
spin-echo NMR spectroscopy46 or quasi-elastic neutron
scattering.47 The dynamics of confined liquids will be a
fertile and intriguing area of research for many years to
come.
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