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Abstract. Broad-band dielectric spectroscopy (10−2 Hz–109 Hz) is employed to study the mol-
ecular dynamics of (dielectrically active) glass-forming liquids which are confined to (dielectrically
inactive) zeolites and nanoporous glasses. For the H-bond-forming liquid ethylene glycol (EG)
embedded in zeolites of different sizes and topologies one observes a sharp transition from a single-
molecule dynamics (with an Arrhenius-type temperature dependence) to that of a liquid (with a
temperature dependence of the mean relaxation rate following a Vogel–Fulcher–Tammann (VFT)
law): while EG in silicalite (showing a single-molecule relaxation) has a coordination number of
four, EG in zeolite beta or AlPO4-5 has a coordination number of five and behaves like a bulk
liquid.

For the H-bonded liquid propylene glycol confined to (uncoated and silanized) nanopores
(pore sizes: 2.5 nm, 5.0 nm and 7.5 nm), a molecular dynamics is observed which is comparable to
that of the bulk liquid. Due to surface effects in uncoated nanopores, the relaxation time distribution
is broadened on the long-term side and the mean relaxation rate is decreased by about half a decade.
This effect can be counterbalanced by lubricating the inner surfaces of the pores. That causes the
molecular dynamics of the molecules inside the pores to decouple from the solid walls and the
resulting relaxation rate becomes slightly faster compared to that for the bulk liquid.

For the ‘quasi’-van der Waals liquid salol confined to silanized nanopores, the molecular
dynamics is completely different to that for the H-bonded systems: over a wide temperature range,
the dynamics of the confined system is identical to that of the bulk liquid. But with decreasing
temperature, a sharp pore-size-dependent transition is found from a VFT-type to an Arrhenius-type
temperature dependence. This reflects the inherent length scale of cooperativity of the dynamic
glass transition.

1. Introduction

It is a challenge to modern experimental physics to find out under what conditions an ensemble
of a few molecules starts to behave like a liquid [1–7]. This question can be readily
approached by measuring over a broad frequency range the molecular dynamics of guest
molecules embedded in (zeolitic and nanoporous) host systems of well controlled confining
geometry [6–9]. Modern solid-state chemistry enables the realization of the extreme of a
single isolated molecule in one zeolitic cage by the use of structure-directed synthesis where
the structure-directing agents (or templates) become occluded in specific voids during the
process of growth of an inorganic framework. Varying the size and the topology of the zeolitic
host system allows one to study in detail the transition from a single-molecule dynamics to
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that of a bulk liquid. It is evident that this problem is intimately related to the understanding of
the cooperative dynamics and its inherent length scale in glass-forming liquids [4–8,10–15].

2. Experimental procedure

Zeolites offer the unique possibility of varying the dimensionality and the topology of a spatial
confinement on a sub-nanometre scale in a controlled manner. Silica sodalite consists of
identical so-calledβ-cages, with free inner diameters of 0.6 nm. Ethylene gylcol (EG) is one
of the structure-directing agents which control the formation of silica sodalite [16,17]. Exactly
one EG molecule becomes occluded in one sodalite cage during synthesis and cannot escape
from it unless the cage is thermally decomposed [17]. Silicalite-I, zeolite beta and AlPO4-5

d) AlPO4-5c) zeolite beta

b) silicalitea) silica-sodalite

Figure 1. Schematic diagrams of the zeolitic host systems in which the guest molecule ethylene
glycol was confined. (a) Silica sodalite (SiO2) has cubic cages with a lattice constant of 0.89 nm.
The cages are connected by channels with a diameter of 0.28 nm. Justonemolecule is confined
to each cage. (b) Silicalite consists of pure SiO2 and has a three-dimensional pore system
with two different types of elliptical channel having cross sections of 0.56 nm× 0.53 nm and
0.55 nm× 0.51 nm. (c) Zeolite beta is an aluminosilicate with a three-dimensional pore system
having pore diameters of 0.76 nm× 0.64 nm and 0.55 nm. (d) AlPO4-5 is an aluminophosphate
with one-dimensional channels (diameter 0.73 nm) arranged in a hexagonal array.
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have channel-like pore systems (see figure 1). In silicalite-I, consisting of pure SiO2, rings of
ten Si and ten O atoms form a three-dimensional pore system with two types of elliptical channel
having cross-sections of 0.56 nm×0.53 nm and 0.55 nm×0.51 nm [18]. In zeolite beta (a 12-
ring system) the channels in [100] and [010] directions have diameters of 0.76 nm× 0.64 nm,
whereas the channels in the [001] direction have smaller pores (0.55 nm× 0.55 nm) [19].
The Si:Al ratio of the sample was 40, to reduce the number of counter-cations in the channels.
AlPO4-5 has a one-dimensional pore system. In this aluminophosphate, the channels with
diameters of 0.73 nm are arranged in a hexagonal array. To realize a larger pore diameter,
sol–gel glass from Geltech Incorporated, USA, with specific pore sizes of 2.5 nm, 5.0 nm and
7.5 nm and a narrow pore size distribution was used.

Besides sodalite, which is already loaded with EG, after synthesis, all nanoporous hosts
are heated to 330◦C with a temperature increase of 20◦C h−1 and evacuated at 10−5 mbar
for 36 h to remove water and other volatile impurities. Afterwards the zeolitic host systems
are filled with EG from the vapour phase in a closed vacuum chamber at 175◦C. The samples
are cooled down to room temperature and remain in the vacuum chamber for 24 h before
the dielectric measurements are carried out. The sol–gel glasses are disc shaped (diameter
10 mm, thickness 0.2 mm) and are filled from the liquid phase at 70◦C (with propylene
glycol and salol). Some of the samples are chemically treated inside the closed vacuum
chamber using hexamethyldisilazane (Aldrich Chemical Company) for 30 minutes at 70◦C
and again evacuated for 3 h at 70◦C. This treatment replaces the –OH groups on the glass
surface with trimethylsilyl groups. The replacement of the –OH groups is checked by means of
FTIR spectroscopy and weighing; the surface density of trimethylsilyl groups decreases with
decreasing pore size. Both sides of the sample discs are covered with aluminium foil (thickness
800 nm) to ensure a homogeneous field distribution and are mounted between gold-plated brass
electrodes of the capacitor.

The dielectric measurements from 10−2 Hz to 107 Hz are carried out with a Solatron–
Schlumberger frequency response analyser FRA 1260 in combination with a Novocontrol
active sample cell BDC-S. The relative accuracy is±5% in ε′; the resolution in tanδ is better
than 10−3. For the frequency range 106–1.8× 109 Hz a Hewlett Packard impedance analyser
4291A with a resolution in tanδ better than 10−2 is employed. The sample temperatures
are controlled in a nitrogen gas jet (Quatro, Novocontrol GmbH) with a stability better than
±0.05 K. Details of the set-up may be found in reference [20].

Isothermal data for the dielectric lossε′′ are fitted to a superposition of a relaxation function
given by Havriliak and Negami (HN) and a conductivity contribution [21]

ε′′ = σ0

ε0

a

ωs
− Im

[
1ε

(1 + (iωτ)α)γ

]
. (1)

In this notation,ε0 is the vacuum permittivity,σ0 the DC conductivity and1ε the dielectric
strength.α andγ describe the symmetric and asymmetric broadening of the relaxation peak.
The exponents equals one for Ohmic behaviour, deviations (s < 1) are caused by electrode
polarization or Maxwell–Wagner polarization effects anda is a factor having the dimension
s1−s . The accuracy in the determination of log10τ is60.1 decades and of1ε 6 5%. Due to
the fact thatε′ andε′′ are connected by the Kramers–Kronig relations, a fit inε′ would not
improve the limits of uncertainty. From the fits according to equation (1), the relaxation rate
1/τmax can be deduced, which is given at the frequency of maximum dielectric lossε′′ for a
certain temperature. A second way to interpret the data is to use a relaxation time distribution
of an ensemble of Debye relaxators with relaxation timesτ and a distribution densityg(τ).
The imaginary part of the dielectric function is then represented by

ε′′ = ε∞ + (εst − ε∞)
∫

g(τ)

1 +ω2τ 2
dτ (2)
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whereεst andε∞ denote the low- and high-frequency values of the permittivity.g(τ) can be
calculated analytically from the data [22] or extracted from the fit with HN functions [23]. To
characterize the temperature dependence of the relaxation behaviour, an averaged relaxation
time τmed is used:

τmed = 〈logτ 〉 =
(∫ +∞

−∞
(logτ)g(logτ) d logτ

)/(∫ +∞

−∞
g(logτ) d logτ

)
. (3)

τmed equalsτmax if the peak of a relaxation process is broadened only symmetrically. In
generalτmed contains information about the low- and high-frequency side of a relaxation
process whereasτmax denotes only the position of the maximum loss. On the other hand, the
calculation ofτmed can only be done with high accuracy if the dielectric strength is comparably
strong. For that reason,τmax is shown for molecules confined to zeolites andτmed is calculated
if the nanoporous sol–gel glasses are used.

Applying effective-medium theory, the relaxation rate may shift to higher frequencies.
In the case of salol in sol–gel glasses, this effect is smaller than the limits of experimental
accuracy. For propylene glycol in nanoporous sol–gel glasses, the shift can even be smaller
than half a decade, depending on the dimensionality of the host system which is not exactly
known. For ethylene glycol in AlPO4-5, no effect is expected. In general, there is only in some
special cases a shift in the relaxation rate, which is less than one decade. For a more detailed
view, see reference [24].

To complete the information about the guest molecules in the zeolitic host systems,
computer simulations are carried out to study the molecular arrangement of the molecules in
the confining space. The molecular simulation program Cerius2 is used on a Silicon Graphics
workstation modelling a finite zeolite crystal of four unit cells surrounded by vacuum. By
‘filling’ the pores with EG, a completely loaded nanoporous host/guest system can be simulated
and structural parameters like distance between molecules, density and length of H bonds can
be determined. The simulations were carried out using three different force fields: thedreiding
force field [25], theBurchart universalforce field [26,27] and theconsistentforce field cff 91.
The three force fields provide the same results within statistical uncertainty.

10-2 10-1 100 101 102 103 104 105 106

10-2

10-1

100

EG in zeolite beta
EG in silicalite
EG in sodalite
EG in AlPO4-5

ε "

frequency [Hz]

Figure 2. The dielectric lossε′′ versus frequency for ethylene glycol (EG) confined to zeolitic host
systems as indicated. The solid curves are fits to the data (dotted curve: HN relaxation; dashed
curve: the conductivity contribution).
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Figure 3. The relaxation rate versus inverse temperature for ethylene glycol confined to different
zeolitic host systems as indicated. The errors are smaller than the sizes of the symbols.

3. Ethylene glycol in zeolites

Figure 2 shows the dielectric spectra for ethylene glycol (EG) confined to different zeolitic host
systems at 160 K. The relaxation ratesτmax for EG in the zeolitic host systems differ by many
orders of magnitude: in zeolites with smaller pores (silicalite and sodalite) the relaxation rates
of EG are significantly faster compared to those for zeolite beta and AlPO4-5. Especially for
EG in sodalite, the relaxation strength is comparably weak. This is caused by EG molecules
which are immobilized due to the interaction with the zeolitic host matrix. Figure 3 shows
the logarithmic relaxation rate as a function of the inverse temperature for EG as bulk liquid
and confined to zeolites. EG in zeolite beta (solid triangles) and in AlPO4-5 (open triangles)
has a relaxation rate like that for the bulk liquid (squares) following the characteristic Vogel–
Fulcher–Tammann [28–30] temperature dependence (VFT dependence):

1

τ
= A exp

(
DT0

T − T0

)
(4)

whereA is a prefactor,D the fragility parameter andT0 the Vogel temperature. The relaxation
rates of EG in silicalite and sodalite show Arrhenius-type temperature dependence.

The single-molecule relaxation of EG in sodalite is atT ≈ 155 K faster by about six orders
of magnitude than that for the bulk liquid. Its activation energy is 26± 1 kJ mol−1 and cor-
responds to the value for bulk EG at high frequencies and high temperatures (29±2 kJ mol−1)
[31]. The relaxation process of EG in silicalite has a larger activation energy (35±2 kJ mol−1)
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Figure 4. The normalized relaxation process for a Debye process (solid curve), for EG bulk (solid
squares) and EG confined to zeolite beta (open triangles), silicalite (open circles), sodalite (open
diamonds) and AlPO4-5 (solid triangles) at 165 K. The curves are calculated from the HN-fit
parameters.

which is still smaller than the apparent activation energy (the tangent to the VFT temperature
dependence) of the bulk liquid. Its Arrhenius-like temperature dependence resembles the
single-molecule relaxation of EG in sodalite.

Figure 4 shows the normalized relaxation peaks for all measured samples at 165 K calc-
ulated from the fits. Compared to a Debye process (solid curve), even the distributions for the
bulk liquid and the single-molecule relaxation (EG in sodalite) are broadened. The distributions
for EG in the other zeolitic host systems show very pronounced broadening at both low and
high frequencies.

The computer simulations of EG in zeolitic host systems show that in silicalite the
molecules are aligned almost in single file along the channels and that in zeolite beta and
in AlPO4-5 two EG molecules are located side by side in the channels. But neither for the
distance between molecules nor for the average length of hydrogen bonds or for the density is a
significant change found between the bulk liquid and the molecules in the restricting geometry.

However, for the number of neighbouring molecules (coordination number) a pronounced
difference is observed (figure 5): the coordination number of 11 corresponds to the maximum
value in the case of the random-close-packing model [32] and is found for the bulk liquid
within a radius ofr = 0.66 nm. EG in zeolite beta and in AlPO4-5 has only five neighbouring
molecules; hence one has to conclude that an ensemble as small as six molecules is sufficient
for performing a liquid-like dynamics. As AlPO4-5 has one-dimensional channels and no
intersections between them, in contrast to zeolite beta, the dimensionality of the host system
seems to play only a minor role as regards the dynamics of H-bonded guest molecules. Further
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Figure 5. The average number of neighbouring
molecules (coordination number) as a function of the
radius of a surrounding sphere as calculated from
the simulations for EG bulk liquid (squares) and EG
confined to zeolite beta (solid triangles), to silicalite
(circles) and to AlPO4-5 (open triangles).

coated:

uncoated:

SiO

2

Si

O

H

Si

δ−δ
+

δ
+

O

H

H δ−

δ
+

C

C

C

H

O

H

H δ−

δ
+

O

H

H δ− δ
+

C

C

C

H

H

H

O

H

H

H

δ−

SiO

2

Si

O

Si

C

Η

C

C

Η
Η

Η
Η

Η
Η Η

Η

Si

O

Si

C

C

Η

Η

Η

Η
Η

Η

C

ΗΗ

Η

δ
+

δ−

Figure 6. A schematic diagram of propylene glycol in the
neighbourhood of an uncoated SiO2 surface (top) and a silan-
ized SiO2 surface (bottom).

reduction in the channel size (as in the case of silicalite) decreases the average number of
neighbouring molecules by about 1. This results in a sharp transition from a liquid-like
dynamics to that of single molecules.



A182 F Kremer et al

100 101 102 103 104 105 106
10-1

100

101

102

103

c)

ε ´
́

frequency [Hz]

100

101

102

103
b)

ε ´
́

100
101
102
103
104
105
106
107

a)

ε ´
́

-10 -8 -6 -4 -2 0 2

0.0

0.2

0.4

0.6

0.8

g
 (

 lo
g

 10
 τ

) 
[a

rb
. 

u
n

.]

log10 ( τ  [Hz] )

-10 -8 -6 -4 -2 0 2
0.0

0.2

0.4

0.6

0.8

g
 (

 lo
g

 10
 τ

) 
[a

rb
. 

u
n

.]

log10 ( τ  [Hz] )

-10 -8 -6 -4 -2 0 2
0.0

0.2

0.4

0.6

0.8

g
 (

 lo
g

 10
 τ

) 
[a

rb
. 

u
n

.]

log10 ( τ  [Hz] )

Figure 7. The dielectric loss of PG at a temperatureT = 210 K. (a) Bulk PG, (b) PG confined
to 2.5 nm uncoated pores, (c) PG confined to 2.5 nm coated pores. The error of the measured
data (◦) is smaller than the size of the symbols; solid curve: fit to the data (dotted curve: HN
relaxation; dashed curve: the conductivity contribution). The insets show the resulting relaxation
time distributiong(τ).

4. Propylene glycol in nanoporous sol–gel glasses

Propylene glycol (PG) is an H-bonded glass-forming liquid. Due to the fact that a freshly
prepared SiO2 surface (see the sample preparation section) is hydrophilic, one has to expect
the PG molecules to form H bonds with the solid surfaces of the nanoporous system. This
surface interaction can be counterbalanced by a silanization, as shown schematically in figure 6.

For PG in uncoated nanopores—compared to the bulk liquid—there is a pronounced
broadening of the width of the dielectric loss curve and the relaxation time distribution function
(figures 7(a), 7(b), figure 8). Silanization of the inner surfaces counteracts the broadening
(figure 7(c), figure 8). The effect is—as expected—strongly temperature dependent and
weakens with increasing thermal activation (figure 8): at a temperature of 185 K the low-
frequency broadening of the relaxation time distribution function for PG in uncoated pores is
completely removed and the mean relaxation time for PG in coated nanopores becomes even
faster than that for the bulk. The broadening is interpreted as being caused by molecules close
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Figure 8. The mean relaxation rate of propylene glycol versus inverse temperature for the bulk
liquid (open circles; solid curve: VFT fit) and for propylene glycol confined to uncoated (solid
diamonds) and coated pores (open triangles) of different mean diameters of a sol–gel glass.

to the surface [6]. The lubrication hinders the formation of H bonds to the solid wall of the
nanoporous ambience, hence decoupling its dynamics. For uncoated pores the opposite is true.

To characterize the temperature dependence of the relaxation rate, the averaged relaxation
timeτmed is calculated as defined in equation (3). The temperature dependence follows for all
(uncoated and coated) pores the well known VFT law (figure 9). The difference in relaxation
rate for PG in uncoated and coated pores is maximal for the smallest pore size (2.5 nm) and
lower temperature (≈190 K). Despite the fact that due to the silane layer having a thickness
of about 0.4 nm [8] the space for the PG molecules becomes even more confining, one finds a
dynamics which is—within experimental accuracy—identical to that of the bulk liquid.

It is well known that for glass-forming liquids the product of the temperatureT and
dielectric strength1ε increases with decreasing temperature [33] (for a simple Debye relax-
ation it should be constant, neglecting density effects). This effect vanishes for the dynamic
glass transition if it takes place in the nanoporous systems (figure 10). The fact that the
dielectric strength becomes smaller with decreasing pore diameter is attributed to the change
in the surface-to-volume ratio of the nanoporous system.

In summary, one has to conclude that the dynamics of the H-bonded model system
propylene glycol depends strongly on the surface treatment of the nanopores. In freshly
prepared uncoated pores, the relaxation rate of the glass-forming system is smaller as compared
to that for the bulk liquid and the relaxation time distribution function is strongly broadened
on the low-frequency wing. Silanization of the inner surfaces decouples the dynamics of
the confined liquid from the solid wall and makes the relaxation rate in 7.5 nm pores even
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Figure 9. The relaxation time distribution function versus relaxation time for propylene glycol as
a bulk liquid (solid curve), in uncoated pores (dashed curve) and in coated pores (dotted curve) at
different temperatures.
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Figure 10. The dielectric strength1ε times temperatureT versus inverse temperature for propylene
glycol as a bulk liquid (∗) and confined to silanized pores of a sol–gel glass having different diameters
of 7.5 nm (◦), 5.0 nm (⊕) and 2.5 nm (•).

faster than in the bulk. From the size of the pores one has to conclude that the molecular
rearrangements of PG take place on a length scale of61.5 nm.
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Figure 11. The mean relaxation rate versus inverse temperature of salol as bulk liquid (solid
squares) and confined to silanized pores of sol–gel glass having different mean diameters.

5. Molecular dynamics of salol in lubricated nanoporous sol–gel glasses

The molecular dynamics of the glass transition of the ‘quasi’-van der Waals liquid salol confined
to nanopores (2.5, 5.0 and 7.5 nm) with lubricated inner surfaces is found to be faster (by up
to two orders of magnitude) than in the bulk liquid (figure 11 [8]). This effect observed by
broad-band dielectric spectroscopy is also supported by calorimetric measurements, where the
largest shift of the glass transition to lower temperatures is found for the smallest pores. The
question arises of whether this confinement effect is caused by a pore-size-dependent decrease
of the density of the confined liquid.

It can be assumed that the mean relaxation rate 1/τ obeys a VFT law where the Vogel
temperature varies with the pore size in a similar way to the measured calorimetric glass
transition temperature (figure 12(a)). Then the derivative d(log(1/τ))/d(1000/T ) delivers a
temperature dependence as shown in figure 12(b). This can be compared with the difference
quotient as determined experimentally from the relaxation rate measured in temperature steps of
0.5 K (figure 12(c)). It turns out that the experimentally deduced difference quotient behaves
qualitatively differently as regards its temperature dependence compared to the calculated
differential quotient in figure 12(b). In the temperature interval between 333 K and 260 K,
the apparent activation energies for the bulk and the confined (2.5 and 7.5 nm) liquid coincide
within experimental accuracy. But for lower temperatures, suddenly the charts bend off;
this takes place for the 2.5 nm pores at 256± 3 K and for 7.5 nm pores at 245 K± 3 K. The
temperature dependence is in sharp contrast to the results (figure 12(b)) which one would expect
from a dependence like that displayed in figure 12(a), assuming a slowly varying temperature
dependence of the density. Hence one has to conclude that the experimental observations cannot
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Figure 12. (a) The calculated dependence of the mean relaxation rate versus inverse temperature
assuming a VFT law, whereT0 is shifted according to the calorimetrically measured shift ofTg .
Solid curve: bulk liquid,Tg = 222 K; dashed curve: salol confined to a silanized sol–gel glass
having a mean diameter of 7.5 nm,Tg = 214 K; dotted curve: salol confined to a silanized
sol–gel glass having a mean diameter of 2.5 nm,Tg = 207 K. (b) The calculated derivative of
log(1/τ (Hz)) versus inverse temperature assuming the temperature dependence shown in (a). The
units are omitted for reasons of space. They are the same as in part (c) of this figure. (c) The
experimentally determined difference quotient1(log(1/τ (Hz)))/1(1000/T (K)) for the data
shown in figure 11 for the bulk liquid ( ), salol confined to silanized nanopores of 7.5 nm (� )
and salol confined to silanized nanopores of 2.5 nm (∗).

be explained on the basis of such a density argument. Instead it is suggested that the measured
confinement effects are caused by the cooperative nature of the dynamic glass transition.
With decreasing temperature the size of cooperatively rearranging domains is growing and the
apparent activation energy increases. If, due to the confinement of the nanoporous system,
further growth is prohibited, the VFT dependence turns very suddenly into an Arrhenius-like
type of thermal activation.

6. Conclusions

The question ‘how many molecules form a liquid’ does not have a general answer: for ethylene
glycol confined to zeolites of varying size and topology, one can show that a sharp transition
exists from a single-molecule-like relaxation with an Arrhenius temperature dependence to a
liquid-like dynamics obeying a Vogel–Fulcher–Tammann law. An ensemble of five molecules



How many molecules form a liquid? A187

performs a single-molecule dynamics while six molecules are already sufficient to show a
dynamics which is identical in its mean relaxation rate to that of a bulk liquid.

The experiments on (coated and uncoated) nanopores do not allow us to draw such clear-
cut conclusions, because the nanoporous system is less well defined as compared to zeolites:
neither the topology nor the distribution of pore sizes is very well known. These drawbacks
do not prevent us from coming to the conclusion that the relaxation of propylene glycol (PG)
takes place on a length scale smaller than 1.5 nm.

For the ‘quasi’-van der Waals liquid salol, one finds a very different behaviour compared
to that of the H-bond-forming liquids like ethylene and propylene glycol. In lubricated nano-
pores, salol shows no surface-dominated relaxation process; instead, one observes over a
wide temperature range a dynamics fully comparable to that of a bulk liquid. But with
decreasing temperature, suddenly the VFT temperature dependence turns into an Arrhenius-
type dependence. This transition depends strongly on the pore diameter and enables one to
deduce the length scale on which cooperative rearrangements in salol take place. It is shown
that the confinement effect cannot be caused by the temperature dependence of the density of
the confined liquid.
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