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ABSTRACT

This thesis describes a number of techniques that have been employed to
measure the temperature of the glass transition (Ty) but focuses on dynamic
mechanical analysis (DMA), our method of choice to perform elasticity
measurements through oscillatory experiments. Our work investigated the low
molecular weight glass-forming liquid phenyl salicylate (salol) confined in Vycor
7930 and Gelsil matrices, and was carried out using a Perkin Elmer series 7 DMA
instrument.

Our low-frequency measurements of the elastic susceptibility of salol
confined to Vycor glass demonstrate that DMA constitutes a very sensitive
method to test the dynamic behaviour of glass-forming liquids in confined
systems. This technique allows to investigate if there is an “intrinsic”
confinement or size effect that is compensated by surface effects. Our results
indicate that for decreasing pore radius, the second anomaly in the loss modulus
becomes more pronounced, and as such it makes it easier to distinguish
confinement and surface effects for pore sizes that approach the correlation
length.

Our complex elastic susceptibility data can be fitted well assuming two
types of dynamic processes, a "bulk" relaxation in the core of the pores and a
radially increasing "surface relaxation" of molecules in the vicinity of the pore
surface. The core relaxation time decreases with decreasing pore radius, and the
confinement-induced acceleration of dynamics causes a shift in T, inversely
proportional to the pore radius. Our measurements also suggest that the main
cause for the T, shift is a confinement-induced hindering of cooperativity.

The main effect of the confinement is, most likely, to suppress cooperative
motion. Consequently, negative pressure effects, while always present, do not
have a major contribution to the T, shift in confinement.

This thesis also reviews subsequent applications and extensions of this
work, as well as various models to analyze the experimental data, and alternative

experimental techniques.



ZUSAMMENFASSUNG

Die vorliegende Arbeit beschreibt verschiedene Methoden, die bei der
Bestimmung der Temperatur des Glasiibergangs (Tg) eingesetzt werden,
insbesondere die dynamisch-mechanische Analyse (DMA), welche die Elastizitit
einer Probe durch Oszillationsexperimente ermitteln. Es wurde die
glasbildende Fliissigkeit Phenyl-Salicylat (Salol) in pordsen Vycor 79330 und
Gelsil Matrizen mit einem Perkin Elmer Serie 7 DMA (dynamisch-mechanischem
Analysator) untersucht.

Die durchgefiihrten niederfrequenten Messungen der elastischen
Suszeptibilitdt von Salol in Vycor zeigen die Sensitivitit von DMA-Messungen
beziiglich des dynamischen Verhaltens von glasbildenden Fliissigkeiten in den
Poren einer eingeschrankten Geometrie auf. Diese Methode ermdglicht zu
ermitteln, ob “intrinsisches” Confinement beziehungsweise ein Effekt der
Porengrofde vorliegt, der durch Oberflacheneffekte kompensiert wird. Die
Resultate zeigen eine Verstirkung der zweiten Anomalie bei abnehmendem
Porenradius. Daraus ergibt sich eine leichtere Unterscheidbarkeit zwischen
Confinement und Oberflacheneffekten bei Anndherung des Porenradius an die
Korrelationslange.

Die Daten beziiglich des komplexen elastischen Moduls E* konnen unter
der Annahme des Auftretens zweier unterschiedlicher dynamischer Prozesse
ausgezeichnet durch eine entsprechende Ausgleichsfunktion dargestellt werden.
Einerseits findet in der Hauptmasse im Porenkern ein Relaxationsprozess statt,
andererseits tritt ein weiterer im Bereich der Porenwand auf, welcher mit
steigendem Porenradius ausgepragter wird. Die Relaxationszeit des Porenkerns
verringert sich mit Verringerung des Porenradius und die durch das
Confinement induzierte Beschleunigung der Dynamik verursacht eine zum
Porenradius indirekt proportionale Verschiebung von Tg.

Hochstwahrscheinlich liegt der Haupteffekt des Confinement in der
Unterdriickung der kooperativen Bewegung. Daraus folgt, dass die permanent
prasenten Effekte des negativen Drucks nicht den iiberwiegenden Beitrag zum
Verschub von T; leisten.

Auflerdem werden auf der vorliegenden Arbeit aufbauende
Anwendungen und Erweiterungen, alternative experimentelle Methoden, sowie
verschiedene rechnergestiitzte Modelle zur Auswertung dieser alternativen
experimentellen Daten prasentiert.
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Chapter 1

1. INTRODUCTION

A major development of elastic measurements over the last 35 years is
represented by the use of dynamic mechanical analysis (DMA) techniques to
examine elastic instabilities caused by structural phase transitions (1). The glass
transition, also known as the glass-liquid transition, is a reversible transition
that commonly occurs in most amorphous materials (2), from a more rigid
(“glassy”, or hard) state to a softer (“rubbery”, or molten) state. The glass
transition can also occur in semicrystalline materials, within their amorphous
regions.

Determining the temperature of the glass transition (or the so-called
“laboratory glass transition temperature” (3)), T, represents a basic
measurement carried out on an amorphous material. Transitions in materials
are generally associated with different cooperative motions of molecular
segments, whether localized, medium-range, or long-range. Polymer chains are a
good example of chain segments whose cooperative motion defines the glass
transition (4). T, is the temperature where a material changes state as described
above. This change constitutes a sharp transition in the flexibility and viscosity
of the material and an increase in its heat capacity. In polymers, it is underlined
by a significant increase in the mobility of the polymer chains within the polymer
matrix. However, despite these highly substantial changes, the glass transition is
not an actual phase transition (5, 6).

Based on the aforementioned changes in physical properties that the
material undergoes during its glass transition, several techniques have been
employed to measure T, The most widely used methods are DMA and
differential scanning calorimetry (DSC), also known as heat -capacity
spectroscopy, which monitors the change in the heat capacity of polymers and
other macromolecules in the region of the glass transition (7, 8). The relation
between the specific heat of a solid and its elastic moduli was first formulated by

Einstein over a century ago (1). DSC was patented in 1962 by E.S. Watson and M.].



O’Neill (9), and two years later the first adiabatic DSC instrument was developed
(10). DSC has been widely used to measure T, and for thermal analysis in general
(7, 11, 12); for example, in polystyrene it was used to follow the change of Ty with
the decreasing size of the phase (13, 14). Temperature-modulated DSC (TMDSC)
was first described in 1993 (15-17) and has also since become a well-established
technique for thermal analysis, including the study of glass and melting
transitions (7, 11-13).

Given that the size of the “cooperatively rearranging regions” (as
described by G. Adams and ]J.H. Gibbs, (18)) within the material is increasing
when approaching T,, several other experimental techniques have been used to
assess the growing length scale for this characteristic correlation length, which is
thought to be on the order of nanometers, or some other marker of dynamic
heterogeneity (7, 18-20). Besides DSC, these techniques include dielectric
spectroscopy (21-23), atomic force microscopy (24), nonresonant spectral hole
burning (25), static and dynamic light scattering (20, 26, 27), multidimensional
NMR (28-32), and molecular dynamics simulations (33, 34).

Dielectric spectroscopy, also known as impedance spectroscopy, is a
technique used to measure the dielectric properties (real and imaginary
components of the complex dielectric permittivity) of a medium over a
frequency range. Broadband dielectric spectroscopy has been used to study the
dynamics of the glass-forming liquid phenyl salicylate (salol) (22), given that the
relaxation process of the dielectric loss (i.e.,, the imaginary component of the
dielectric permittivity) was found to be related to the glass transition (35, 36).

Atomic force microscopy is a type of scanning tunneling microscopy or
scanning probe microscopy, that can attain a resolution on the order of
angstroms (37). This technique was used to study dielectric properties in
polyvinyl-acetate films at and near the glass transition. The cooperative length
scale can be determined from the anomalous variations seen in the low-
frequency (1/f) fluctuation (noise) spectrum (24).

Spectral hole burning (SHB) represents the bleaching of the absorption
spectrum at a selected frequency; the so-called “spectral hole” refers to the
increased transmission at the respective frequency. Low-frequency, large-

amplitude electric fields were used for dielectric SHB in the nonresonant



dielectric relaxation of supercooled liquids, such as propylene carbonate and
glycerol. This procedure is applicable not only to viscoelastometry, but also to
other techniques, such as magnetometry and photon correlation spectroscopy
(25).

Light scattering is another method that can be used to investigate glass-
forming liquids. Static light scattering experiments reveal long range density
fluctuations for 1,1’-di(4-methoxy-5-methylphenyl)cyclohexane (BMMPC) with
correlation lengths of up to 185 nm. Intriguingly, such lengths are not consistent
with conventional liquid state theories. From the perspective of these theories,
dynamic light scattering studies also reveal some unexpected features. Generally
speaking, the excess scattering measured indicates a correlation length of 20-
200 nm, and light scattering data suggest the existence of a metastable
nonequilibrium state for a supercooled viscoelastic liquid also above T, (26).
Further dynamic light scattering studies, combined with viscosity experiments
and photon correlation spectroscopy, established the temperature-dependent
characteristic length for the glass transition in ortho-terphenyl, a parameter that
decreases as the temperature increases (20).

Solid-state nuclear magnetic resonance (NMR) spectroscopy is a type of
NMR spectroscopy in which orientation-dependent (anisotropic) interactions
are detected in the spectrum, thus rendering a solid-state NMR spectrum very
broad. Supercooled liquids exhibit spatial heterogeneities in the vicinity of T, (38,
39). Solid-state NMR can determine the length scale of such a dynamic
heterogeneity (29), in a four-dimensional experiment (32) that combines
obtaining information about reorientation times with measuring the length scale
of regions with different dynamic characteristics by spin diffusion (40).
Multidimensional NMR experiments have been used to measure the length scale
of regions of dynamic heterogeneity in o-terphenyl (29), supercooled D-sorbitol
(28), glycerol (29, 41) and poly(vinyl acetate) (PVAc) (29, 32). Another
application for multidimensional NMR exchange experiments is to determine the
rate memory for polymers slightly above their T, (31). Moreover, a four-
dimensional, as well as a two-dimensional NMR experiment, were used to study

slow dynamics in PVAc (30).



An alternative and also a valuable addition to the experimental study of
glass-forming liquids is represented by computer simulation methods. Molecular
dynamics (MD) simulations have shown, for example, that single particle
properties are significant for the kinetic transition that happens at a temperature
lower than T, (33). A similar approach was used to assess the dynamics of silica
(34), a strong glass former (42). Considering different system sizes shows
unexpectedly large finite size effects to be present in simulations of silica
dynamics. Furthermore, these effects affect the relaxation times pertaining to the
intermediate scattering function, but to a much lesser extent if the system is

compressed to high density and thus transformed into a fragile glass former (34).



Chapter 2

2. EXPERIMENTAL SETUP

2.1. Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) is a technique also known as
dynamic  mechanical  spectroscopy, @ DMA  spectroscopy, dynamic
thermomechanical analysis, dynamic mechanical thermal analysis, forced
oscillatory measurements, or dynamic rheology (43). By a very brief definition,
the DMA technique represents the analysis of a material’s response to an
oscillatory force applied to it (43). Thus, a DMA instrument assesses changes in
mechanical behaviour as a function of time, temperature, frequency, stress, or
combinations thereof. Forces applied in a DMA experiment could be anywhere
between the order of newtons to the order of tens of uN (1); forces are even
smaller when optical tweezers are used or in atomic force microscopy (44, 45).
One can achieve even forces on the order of fN (46), which are needed to study
the strain-stress relationship in soft biological systems (47-49).

The history of DMA is part of the century-long history of elasticity
measurements through oscillatory experiments (43, 50-52). Dynamic
measurements were described by ].D. Ferry, M.L. Miller, and N.G. McCrum et al.
in the 1960’s, in their classic books on polymer properties (2, 53, 54). During the
same decade, DMA entered its modern period, through the development of the
torsional braid analyser by ]. Gillham (55), followed by a couple of other DMA
instruments that also used the torsional geometry. The first dynamic mechanical
thermal analysers that used an axial geometry became available in the early
1980’s, followed by the higher-sensitivity controlled stress analyser built by
Perkin Elmer, using their new thermomechanical technology (43).

DMA is one of the three approaches that have been developed to allow the
possibility of analyzing the elastic response of moving interfaces. A second
technology is related to torsion pendulum arrangements (56-59), but it presents

major disadvantages, due to the large sample size and to the difficulties of



inserting the sample into the instrument (1). The other category of techniques
includes the local ones, relevant for the minute geometrical size of the exciting
elastic force. Atomic force microscopy, nanoindentation methods, and optical
tweezers all employ an elastic force that is concentrated to the scale of
interatomic distances, and as such making them ideal tools for assessing local
response fields, especially in biological systems (1, 60-62).

The use of DMA techniques to analyze elastic instabilities caused by
structural phase transitions represents a major development of elastic
measurements over the last 35 years (1). DMA has been shown to be the most
sensitive thermal technique available for the purpose of determining T,, given
the sharp change in flexibility that occurs at this temperature. Compared to DSC,
not only is DMA considered to be more sensitive by about an order of magnitude,
but it can also be used to obtain a parameter not available in DSC measurements,
namely the coefficient of thermal expansion, which is a measure of a material’s
expansivity (43).

DMA applications to the study of material properties extend well beyond
glass transitions, i.e. beyond determining T, Generally speaking, one can
investigate not only the temperature response, but also the frequency response
of a material to stress; moreover, even the problem of the temperature response
is more complex than discussed so far. For example, plotting the elastic modulus
against temperature in nylon can reveal changes in E’ at lower temperatures.
Thus, the glass transition is designated as a transition (T, = Ta), which is
associated with the gradual chain movement, and the subsequent transition,
designated as 3 transition, represents pendant group or side chain movements,
indicative of the toughness of the polymer (43, 63-67). In an ideal representation,
shown in Figure 1 (43), each transition revealed by the DMA analysis represents
a molecular relaxation associated with a certain type of molecular motion.

This information could also allow for the determination of the operating
range of a given polymer. Unlike DSC, DMA has the sensitivity to detect the 3 and
Yy transitions (68), and also to determine T, in thin coatings or in highly cross-
linked thermosets (43).

Another application of DMA employed to study polymers pertains to their

composition. The results of the DMA analysis are altered by the composition of
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monomers and also by cross-linking, that can change or add the functionality of
the polymer. The miscibility is another property of polymers that can be
effectively evaluated using DMA. Plotting the storage modulus for a variety of
blend ratios will reveal various profiles, from a steep drop-off to a broader
transition featuring a shoulder. Such differences reveal a lack of homogeneity in
the respective areas. Besides the effect of blend ratios, the DMA analysis can also

determine the role of curing agents and that of fillers (69).

Y5) B
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T, - melting (1)
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stretch chain  chain

Figure 1. The effect of the different types of molecular relaxations on the
idealized representation of a temperature scan of the storage modulus

(reproduced from (43)).

For the DMA study of thermosets, tracking modulus or viscosity changes
allows one to follow the material all through its curing. One can thus determine
the initial melting of the material before curing (that corresponds to the
minimum value of the viscosity and of the modulus), and then the increase in
viscosity during curing towards the solid state (43). For an epoxy resin, DMA
allows one to estimate the point where the material is gelled (the point of
gellation), how fluid it gets (the minimum viscosity), and the point where it is

stiff enough to be able to bear its weight (43, 70). By following the increase in
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viscosity during curing, one can also estimate the activation energy (71). This
energy can be determined more accurately by using isothermal runs (72).

As mentioned above, the frequency response of a material to stress
encompasses another range of DMA applications. This method is applied to the
study of the viscosity and elasticity in a wide range of materials, including
polymer melts, solutions, and suspensions (43, 73-76). In a hot melt adhesive, the
low-frequency response of the modulus describes stickiness or tack, whereas its
high-frequency response describes the peel resistance (73).

Creep-recovery testing is a particular case of DMA experiment and yet a
fundamental analysis of material behaviour and a powerful analytical tool (43,
77). This test involves applying a constant load, determining the response of the
material to it, and subsequently removing the load and again examining the
material’s behaviour. This sequence of events can be repeated over multiple
cycles. The properties determined during a creep-recovery experiment are
modulus and viscosity, and they allow one to predict the material’s behaviour
under real-life conditions (43). Data can be collected at very low frequencies
during the creep experiment (78), and at high frequencies during the recovery
(79).

Consequently, the versatility and wide applicability of dynamic
mechanical analysis makes it useful for the study of either the temperature
behaviour or the frequency behaviour of numerous materials, ranging from
suspensions, solutions, and colloids to polymer melts, and to solid composites

(43, 69, 80).
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2.2. Instrumentation

The experiments described in this study have been performed using a
Perkin Elmer series 7 dynamic mechanical analyser. This instrument was first
built in 1989 and has since been commercially available from Perkin Elmer, Inc.

(Waltham, MA, USA). A picture of this instrument is shown in Figure 2 below.

Figure 2. The Perkin Elmer series 7 dynamic mechanical analyser

(reproduced from (81)).

In a DMA apparatus, the sample is exposed to a static force modulated
sinusoidally by a dynamic force of a certain amplitude and frequency. The

dynamic elastic modulus, E, is determined from the amplitude and phase shift of
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the elastic response (1). Thus, DMA is used to measure various properties of
materials while being deformed under a sinusoidal stress: storage and loss
modulus (i.e., viscoelastic moduli: the real, E’, and imaginary, E”, components of
the complex E), damping (energy dissipation as heat) properties, and tangent
delta or Tan delta (the loss factor, defined as the ratio of loss to storage modulus).
Modulus reflects the elastic response of the material (the oscillating sample
response in phase with the oscillatory force), whereas damping describes the
viscous response.

Using DMA equipment that is currently commercially available, such as
the Perkin Elmer DMA7 and Diamond DMA instruments, the above listed
parameters can be measured over a frequency range of 0.01-50 Hz (100 Hz for
Diamond DMA) and a temperature range of 90-850 K (120-850 K for Diamond
DMA) (1); the latter can be extended down to 15 K for DMA7 by adding a
cryostat (82). Both Perkin Elmer instruments allow for the application of a
minimal force of 1 mN, whereas the maximal force is 2.5 N for DMA7 and 10 N
for Diamond DMA (1). The resolution of the force is 10 uN for both instruments.

The Perkin Elmer DMA7 analyser can be operated in several different
modes, the most often used being time scan (isothermal) and temperature
modes. T, can be defined using any of the following three parameters that are
continuously assessed during a DMA experiment (Figure 3 (83)):

- from the storage modulus: E’ onset (sharp decrease) arises at the lowest
temperature and is associated with mechanical failure (4);

- from the loss modulus: E” peak is reached at the middle temperature
and reflects molecular processes. As such, it describes T, as the temperature at
the inception of segmental motion and thus it relates to the changes in physical
properties commonly associated with the glass transitions in plastics;

- from the tangent delta: In this approach, historically used in the
literature, the Tan delta peak corresponds to the highest temperature. For a
polymer, it represents the midpoint between the rubbery (softer) and the glassy
(more rigid) states, and the amorphous content of the polymer determines the

shape and height of the peak (4).

14



10000 4 e 10000
| I'g by E' Onset
] -30.60°C Tg by Tan Delta Peak A
1000 # D SE—— i -2.04°C = 1000
] . 20 ¥
Tg by E" Peak A\ ¥
= 2858°C N % £ 4 ,
= 190 /EH\\ E 100 &
2 B- g—a—% EQ‘ + £ 15 ‘;
o N 2 2
2 iy = £
= 10 o\ Y = 10 &
) 1 e \ B =
of — w
z 4 E] t : 10 3
= 1 \d 1 a
@ { 5 —
- T 4
[ T SR .
+ "\ '."n 4 v T
0.1 4 h N 01
; ‘ - R
* s 3
/ D ’B: »
+ + . - \)‘—G"’ =
0.01 + - T - - T - - 0.01
-100 -75 =50 -25 0 25 50 75 100 125
Temperature (°C)

Figure 3: Three different methods have been used to determine
the temperature of the glass transition in a dynamic mechanical analysis
experiment. Shown in this example is a scan of a self-stick, or pressure-
sensitive adhesive (PSA) run in tension clamps with the following
parameters: frequency = 1 Hz, amplitude = 10 um, and ramp rate =

5 °C /min (reproduced from (83)).

The differences among these three temperature values are observed
experimentally (Figure 3), thus demonstrating that in actuality the glass
transition occurs, usually, over a temperature range instead of a single
temperature.

The DMA7 instrument consists of several main components: a measuring
system assembly and a central core rod, a linear variable differential transformer
(LVDT) sensor to detect displacement (the change in the position of the rod that
occurs in response to the applied force) with high sensitivity, a fast-response
furnace and a linear force motor. In principle, in order to perform DMA
measurements, the sample is confined between two restraining elements or
grips, and a dynamic (sinusoidally modulated) force is applied to it using an

electric motor. The resulting displacement is measured using a force transducer
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or a LVDT sensor. The storage modulus, the loss modulus, and/or the Tan delta
are then plotted against temperature, as shown in Figure 3

Figure 3. The Perkin Elmer DMA7 and Diamond DMA instruments are most often
used in two geometrical arrangements, the parallel plate stress and the three
point bending, shown further below in Figure 14 (1, 81, 84).

In the parallel plate (PP) stress geometry, the force is applied in a certain
direction and the resulting change in length is measured in the same direction.
Both Perkin Elmer DMA instruments can resolve changes in length of about 10
nm, but a three point bending (3PB) experiment allows for a higher resolution. A
3PB experiment also allows for a more efficient optimization of the sample
geometry than a PP experiment (I1). Moreover, in the 3PB configuration the
length L is generally fixed (as defined by the sample holders), and varying the
sample thickness h modulates the effective spring constant. In this configuration,
the static component of the force ensures that the sample stays in contact with
the sample holders (knife edges) at all times. The dynamic component of the
force has a frequency in the range of 0.01-50 Hz. The amplitude of the peak
deformation and the phase lag of the response (the phase angle between the
stress sinusoid and the strain sinusoid) are measured through electromagnetic
inductive coupling; the measurement resolution is on the order of 10 nm in
amplitude and 0.1° in phase (1). The spring constant, damping, and Tan delta are
calculated from the amplitude and phase lag of the response; the storage
(elastic) modulus and the loss (imaginary) modulus are then calculated from
these parameters.

Temperature control is achieved with heating and cooling accessories. A
heater surrounds the sample chamber and is itself surrounded by a continuously
flushed water bath. A furnace filled with liquid nitrogen ensures the cooling of
the sample. Temperature control can be achieved within 0.1 K and it has been
verified by performing heating and cooling runs between 180 and 900 K (81).

Calibration of force, height, and deformation is performed using standard
calibration samples per the manufacturer’'s recommendations. All these
calibrations need to be repeated whenever the geometrical arrangement is
changed. Calibration of the thermocouple is performed using indium standards

provided by the manufacturer, by determining the change in the rod position
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upon the melting of the indium piece, whose melting point is 429.75 K.
Subsequent measurements are corrected by the difference between the

measured melting temperature and the above mentioned literature value (81).
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2.3. Porous Glasses

2.3.1 Vycor 7930

The Vycor® brand glass is a commercial glass manufactured by Corning,
Incorporated (Corning, NY, USA), which has been available for more than half a
century. Porous Vycor® glass and other porous materials are used in a wide
range of applications and products, including: sensors, detectors, high
performance liquid chromatography (HPLC) frits, gas, liquid and petroleum
separation, gas adsorption, filters, vacuum chucks, reference electrodes, various
medical devices, lasers and optics.

Vycor code 7930 is almost pure vitreous silica (silicon dioxide), with a
composition of 96.3% silica (Si02), 2.95% boron trioxide (B203), and 0.04%
sodium oxide (Naz20) (% w/w). Most of the remaining content is composed of
Al2O3 + ZrO2 (85). It is a chemically inert, mechanically hard and strong, non-
flaking, non-dusting material.

Preparation of porous silica glasses originated in the discovery made in
1926 by Turner and Winks (86) and in the patent developed subsequently by
Nordberg and Hood (87). This special process circumvents the requirement for
high temperatures in forming and melting, by replacing it with the following
sequence: conventional melting, standard shaping at a larger size, heat treatment
below the deformation temperature but above the annealing point (the so-called
“demixing” step, that yields two glassy phases), soluble phase removal by
leaching (through immersion of the glass in a hot solution of dilute acid), which
produces the porous glass, and consolidation of the porous structure by slow
heating to temperatures above 1200 °C (88). The acid leaching process takes
advantage of the fact that the silica-rich phase of the mixture is insoluble in acids,
whereas the other phase, rich in B203 and alkali, is readily soluble. For Vycor
7930, the preparation starts with a melt containing 75% SiO2, 20% B203, and 5%
Naz0, and after the slow acid leaching of the soluble phase, a solid, but porous
skeleton of 96.3% SiO: is left behind (88, 89). The interconnected microporous

structure is evident in electron micrographs, as well as with other techniques,
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including direct energy transfer, molecular adsorption, and small-angle
scattering (89).

The temperature of the demixing step, described above, determines the
pore size obtained in the Vycor glass, i.e. the pore diameter can be modified by
altering this parameter. Demixing temperatures below 500 °C generate smaller
pores, with diameters as low as 50 nm, whereas higher temperatures (on the
order of 700 °C) generate larger pores, with diameters of 100 nm and more (90).
These pore sizes were determined either by scanning electron microscopy (SEM)
or by using the Brunauer, Emmett and Teller (BET) theory (91). Generally, pores
with sizes below 2 nm are termed “micropores”, whereas “mesopores” and
“macropores” refer to pores of 2-50 nm in size and larger than 50 nm,
respectively (92, 93). The following image (Figure 4) shows a transmission
electron microscopy (TEM) micrograph from a Vycor glass section, revealing an
isotropic and homogeneous distribution of mass and void (mass corresponding

to dark regions and void to white regions).

Figure 4: TEM of a ultrathin (30-40 nm thick) section of Vycor
7930 glass (reproduced from (89)).
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The same Vycor glass lot shown in Figure 5 was characterized by
determining its nitrogen adsorption and desorption properties at -196 °C (89),
and the nitrogen desorption isotherm was analyzed with the BET model (91).
Accordingly, the desorption data yield a pore size distribution whose peak
corresponds to a pore radius of 3.5 nm (89).

Ten years later, a similar nitrogen adsorption study was performed on
Vycor glass model 7930 using modern instrumentation. Pore radii determined
from the adsorption and desorption branches were 5.8 and 3.4 nm, respectively
(94). These results were compared within the same study with data obtained
using optical characterization by spectroscopic ellipsometry, as well as TEM to
estimate pore size. The pore radius determined by ellipsometry ranges from 1.5
to 2.1 nm. The difference is most likely due to impurities being placed into the
pore walls and to water adsorption reducing the effective radius, given that the
ellipsometric measurements were performed under room conditions (94). From
TEM micrographs (see Figure 5) the authors estimated the pore radius to be 5

nm.

—

200 A

Figure 5: The microstructural appearance of Vycor 7930 glass

determined by TEM (reproduced from (94)).
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More recently, adsorption was used in combination with small-angle
scattering (SAS) to study the porosity of Vycor glass (including the effect of pore
connectivity and surface curvature on the adsorption process); permeability
techniques were also employed for this purpose (95).

In our study we used the schematic pore model of Vycor 7930 with

interconnected pores and pockets, as shown in Figure 6:

Figure 6: Pore structure of the Vycor glass (reproduced from (19)).

The density of Vycor glass was calculated based on weight and volume
measurements of commercial samples and was found to be p = 1.4 g/cm3. The
total porosity (@) of a porous medium is defined as the fractional volume of
pores relative to the bulk volume of the material. As such, this parameter can

range between 0 and 1, and we have calculated it from the following equation:

d=1- — [1]

where p is the sample density and py is the density of silica bulk. Using p,, =
2.2 g/cm?3 (88, 89) porosity is then calculated as 0.36. This result is consistent
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with previously reported values of 0.40 for untreated Vycor and 0.33 for
silanated Vycor (81, 96), 0.30 determined through nitrogen desorption or 0.31
through TEM image analysis (89), as well as the result of 0.30 that we reported
for untreated Vycor (84).

2.3.2. Gelsil

Gelsil is the other type of porous silica glass used in our experiments,
besides Vycor (84). Up until recently, the main manufacturer of Gelsil products
was Geltech, Incorporated (Orlando, FL, USA). This series of products has been
described extensively (97, 98); they are rigid, transparent, highly pure silica
xerogels with complex interconnected pores. Gelsil products are used in various
applications and products, including as substrates for photovoltaic dyes, optical
sensors, catalyst supports, and separation devices (99).

As described above for Vycor, Gelsil sample preparation is also a multi-
step process, which involves hydrolysis of tetramethyl-orthosilicate (reaction to
which a chemical additive is supplemented for drying control), casting, gelation,
and aging. Final preparation steps are: drying, dehydration, and densification,
with the last step occurring at approximately 900 °C (99, 100). Characteristic
parameters for Gelsil 200 were determined to be: p = 2.18 g/cm3 (determined
with the picnometric method (101)), pp = 0.61 g/cm3, and thus ® = 0.72 (99).
Such a high porosity (twice as much as that of Vycor) describes a highly
interconnected pore system within a thin silica skeleton. This is obvious in both
three-dimensional (3D) reconstructions and TEM images (Figure 7). Visualizing
the thin slices of the 3D reconstructions is necessary because TEM images
represent a 3D slice whose thickness far exceeds the size (25 nm) of the
agglomerated spheroidal particles that compose the material, and hence few 22
nm pores are visible in Figure 7d (99).

Other Gelsil products have been described in the literature, with various
characteristics, such as nanoporous Gelsil 2.5, 5.0 and 7.5, in which the pore

diameter averages 2.4, 4.6, and 6.8 nm respectively, and the porosity is 0.39,

0.68, and 0.72, respectively (102). Gelsil 50 has a pore diameter of 4.5 - 4.6 nm
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and a porosity of 0.63 (103). Experiments have been carried out on Gelsil glasses

with pore sizes as high as 20 nm (104).

Figure 7: Gelsil 200 imaged by 3-D reconstructions (a-c) and by
TEM performed at an operating voltage of 120 kV (d) (reproduced from

(99)).
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2.4. Salol

Phenyl salicylate (“salol”, or, according to the nomenclature of the
International Union of Pure and Applied Chemistry, phenyl 2-hydroxybenzoate)
is a chemical compound (Ci13H1003, molecular weight 214.22 g/mol) (105),
produced by heating of salicylic acid with phenol. Its structure is shown in Figure
8 below. It is used as a preservative, in the prevention of sunburns (as a light
absorber in sunscreens), and also in the manufacturing of certain polymers,
lacquers, adhesives, waxes, and polishes. This compound also has medical use, as
an antipyretic, analgesic, and intestinal antiseptic. Its relevance to our work is

due to the fact that it is also a low molecular weight glass-forming liquid.

OH

a) b)

Figure 8: Structure of salol: (a) 2-dimensional chemical structure
and (b) ball-and-stick model of the salol molecule (available from the

public domain).

The melting point of crystalline salol is 42 °C, whereas the T, of
amorphous salol is 50 °C (105). Cooling curves for salol in air and in water are
plotted in Figure 9.

The molecular dynamics, glass transitions, and other thermal properties
of salol in confinement have been studied in porous uniaxial anodic alumina
oxide membranes of various pore sizes (13-100 nm in diameter) using dielectric

spectroscopy and DSC (105).

24



COOLING CURVES OF PHENYL SALICYLATE
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Figure 9: Phenyl salicylate (salol) cooling curves in air and in

water (reproduced from (106)).

The “fragility” of a glass former measures the deviation of the relaxation
behaviour of the respective material from the Arrhenius activated kinetics (107),
or the “abruptness” with which its dynamics slows down as it approaches T,
(108, 109). The origin of this fragility remains one of the most intriguing
questions related to the glass transition (107). The fragility of a glass former was
shown to be directly proportional to the ratio of the bulk and shear moduli of the
material (110, 111). This parameter is thought to be a measure of the
cooperativity of dynamics for a glass former, i.e. a more fragile glass-forming
liquid possesses a higher degree of dynamic cooperativity (18, 109). For salol,
the fragility index was found to be 73 (112, 113). Intriguingly, on the one hand
the fragility modulates the strength of the confinement effects on T, (114), but on

the other hand it can also be affected by nanoconfinement (115-121).

25



2.5. Sample Preparation

In order to use DMA to calculate Young’'s modulus in bending or
compressing mode, we used geometrical models that require rectangular sample
shapes. Consequently, the silica glass samples have to be processed so that they
have parallel sides and orthogonal corners. This involves cutting and sanding:
the manufactured rods were cut into discs using a diamond wire saw, and then
cut again into bars; finely grained sandpaper was subsequently used to sand the
bars mounted on special U-shape steel support, until they achieved orthogonal
corners and parallel sides. The shape and angles of these rectangular bars were
regularly checked during the process with an optical microscope. The sequence
of mounting, sanding, checking, and rotating the samples was repeated until the
desired result was achieved with an accuracy of 10 um or less.

After preparation, porous glass samples have to be cleaned in order to
remove organic impurities that can be absorbed from the atmosphere alongside
water, and that produce a color change in the glass, which thus turns brown or
yellow with time. Removal of absorbed organic contaminants was performed by
boiling the samples in 30% H20: solution for 24 hours (88). An alternative
cleaning method, not used in the present study, involves immersing the samples
in nitric acid (or another oxidizing acid) containing a small amount of potassium
or sodium chlorate. Besides wet oxidation methods, one can also remove
absorbed organic impurities by gradual heating of the glass in oxygen or air to
500 °C and maintaining the samples at this temperature until the oxidation
removes all contamination (88).

Cleaned samples were subsequently dried in a vacuum chamber (10-°
mbar) for 24 hours at 120 °C and stored short-term in a desiccator, in the
presence of dessicant silica bags, or long-term in distilled water. Subsequent
transport of cleaned samples was also done in the presence of silica bags, in a
desiccator.

Filling of porous glasses with salol was carried out by utilizing capillary
forces, which are strong enough to fill the pore space almost completely.
However, submersing the glass in liquid salol and ensuring that the entire

sample surface is in contact with salol only achieves a partial filling, as pores in
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the center of the sample remain unfilled, forming a bubble that can no longer be
filled. For better results, the sample should be allowed to soak up single droplets
of salol, ensuring that only one side remains in contact with the liquid. This
approach is the most appropriate one for samples that will undergo DMA
analysis, because this filling procedure ensures that none of the sides that touch
the measurement setup has previously come in contact with salol. This way, all
the measured effects have to be attributed exclusively to the salol located within

the pore system (81).
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Chapter 3

3. HETEROGENEOUS RELAXATION DYNAMICS OF NANOCONFINED
SALOL

This chapter includes the manuscript of the published
article “Heterogeneous relaxation dynamics of nanoconfined
salol probed by DMA”, Europhysics Letters 79, 36003 (2007) by
W. Schranz, M.R. Puica, ]J. Koppensteiner, H. Kabelka and A.V.
Kityk (19).
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“Heterogeneous relaxation dynamics of nanoconfined
salol probed by DMA”, Europhysics Letters 79, 36003
(2007)

W. Schranzl, M. R. Puical, J. Koppensteinerl, H. Kabelka1 and A. V. Kityk2

"Nonlinear Physics Group, Faculty of Physics of the University of Vienna -

Boltzmanngasse 5, A-1090 Wien, Austria

2
Institute for Computer Science, Technical University of Czestochowa - Armii

Krajowej 17, PL 42-200 Czestochowa, Poland

ABSTRACT

We present novel low-frequency (0.1 Hz - 50 Hz) measurements of the
complex elastic susceptibility of the glass-forming liquid salol confined to
nanoporous Vycor glass. Our data can be perfectly interpreted with the
assumption of a radial distribution of Vogel-Fulcher temperatures T,(r) inside
the pores, resulting from an increase of the molecular relaxation time with
decreasing distance from the rough pore surface as recently found by computer
simulations (Scheidler et al., Europhys. Lett. 59, 701 (2002)). The results show
for the first time, that the dynamic elastic response is extremely sensitive for
separating confinement-induced acceleration effects of the molecular dynamics

and surface-induced slowing-down due to rough pore interfaces.

PACS 61.20.Lc - Time dependent properties; relaxation

PACS 62.25.+g - Mechanical properties of nanoscale materials
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3.1. Introduction

Dynamics in confined systems is a widely distributed phenomenon. It
appears in chemistry, physics, biology and material science. Basic questions
concerning the modification of structural phase transitions (122, 123),
crystallization (124), melting (125-127) or glass transitions (128) under
confinement are a matter of active research. Near the glass transition
temperature T, a dramatic increase of the characteristic relaxation time t or the
viscosity over more than 14 decades is observed (a-relaxation) (129, 130). This
can be interpreted as resulting from a cooperative behaviour of the relevant
molecular motions (“cooperatively rearranging regions”) characterized by a
lengthscale &, which increases when approaching T, (18, 131). Close to T, this
correlation length &, is expected to be of the order of a few nanometers (39, 132).
To search for such a characteristic length scale underlying the glass transition
many experiments and computer simulations of glass-forming systems in spatial
confinement of pores or ultrathin films have been performed over recent years
(133). This research is motivated by the following simple idea: If a growing
correlation length €& with decreasing temperature would be at the origin of a
glass transition, then a spatial limitation d should lead to a decrease of Tq
(confinement-induced acceleration of dynamics due to suppression of
cooperatively interacting modes), and finally suppress the glass formation at all
for d < &, Indeed dielectric spectroscopy and temperature modulated DSC
measurements of polypropyleneglycol (PPG) and polydimethylsiloxane (PDMS)
confined to nanoporous silica based host systems yield strong evidence for an
inherent length scale relevant for glassy dynamics. Le. the specific heat anomaly
at T, decreases with decreasing pore size and finally vanishes at d = 1.8 nm for
PPG and d = 5 nm for PDMS (134). There are, however, also systems, where the
heat capacity does not disappear even at very small pore diameters, as found, e.g.,
for o-terphenyl (135) and glycerol (136). From dynamic calorimetry across the
glass transitions of polyethylene-terephtalate, benzoin-isobutyl-ether and salol
§(Tg) ~ 2 nm was found (137). For comparison, dielectric measurements of salol

confined in nanoporous Gelsil yielded &(T,) > 7 nm (22). The origin of such
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discrepancies is a matter of current discussions in terms of calculating the
correlation length either using the Gibbs or the von Laue approach (137).

A complication of the simple above idea is due to the assumption that
surface effects in the pores may balance or even overcome an intrinsic or
confinement effect. Samples with uncoated (natural) pores, where H-bonds
between the molecules and the walls can form, correspond to the situation of a
rough surface. Then the effect of this wall would be to block the molecular
motion at the pore surface, slowing down the confinement-induced acceleration
of dynamics. This seems to happen in toluene-d3, where it was argued that the
surface-induced slowing-down of the molecular motions is transmitted quite far
into the pore volume (138). This implies, that the surface-induced slowing-down
dominates over the finite-size induced acceleration and T, is effectively shifted to
higher temperatures due to confinement. Also for benzene an increase of T, with
decreasing pore size was reported (139). Of course for such systems a discussion
on the problem of length scales must distinguish between liquids with strong or
weak wall interactions making H-bonds with the pore surface or not, etc. (140).

If on the other hand the pore surface is coated, the molecules located near
the walls would be highly mobile, and one expects an additional acceleration.
Such surface effects were recently modeled by molecular-dynamics simulations
of the relaxation dynamics of confined glass-forming liquids (141-144).
Considering two types of confining walls, the authors found a slowing-down or
an acceleration of the dynamics close to rough or smooth pore surfaces,
respectively. Experimentally, dynamics in confinement is probed by a large
variety of techniques like differential scanning calorimetry (135), dynamic
calorimetry (137, 145), dynamic mechanical measurements (146), dielectric
spectroscopy (147), neutron scattering (148) or NMR (149). Despite the huge
number of experimental and theoretical work which report increasing (136),
decreasing (135), constant or even two glass transition temperatures (150) for
various pore sizes, no final picture of the behaviour of glasses in confined media
has been obtained up to now. This is partly due to the diversity of features which
real systems show depending on the type and strength of interactions between
the molecules and the pore surface, the measuring technique, etc. Excellent

discussions concerning these questions can be found in (140) and (151).
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3.2. Experimental Results

In order to investigate the predicted confinement effects on dynamic
elasticity, we performed detailed Dynamic Mechanical Analysis (DMA)
measurements of the low-molecular-weight glass-forming liquid salol (phenyl
salicylate, C;3H;,03) confined to nanoporous Vycor glass (code 7930). Vycor is
composed of nearly pure SiO,. The confining morphology of Vycor (7930) can be
described as a network of three-dimensional (3D) randomly connected pore
segments with a mean pore diameter d * 7 nm (Figure 10), with a distribution
width of # 0.5 nm and an average length 1 * 30 nm (89) having a porosity of
about 28%. The pore segments are uniformly distributed in orientation and
density. Salol is a fragile (fragility parameter m = 73) glass-forming substance
(112, 113), which is considered as a model system for the study of glass
transition and molecular mobility in the supercooled liquid. It has been
extensively studied by many experimental techniques, so that a great deal of
information is available for comparison with new experimental and theoretical
work. The glass transition temperature of salol (T, ~ 220 K for the bulk material)
is moderately lowered in confined geometry. Trofymluk et al. (136) found a
nonmonotonic dependence of T, on pore size for salol confined in ordered
mesoporous silica (MS). For pore sizes of 5.6 - 26.4 nm they determined a
depression of T, of 2 - 3 K. The authors also found that liquid salol does not
crystallize in pores < 11.8 nm and easily vitrifies on cooling (136). This allowed
us to perform the experiments studying the glass transition with moderate
cooling and heating rates (2 K/min). Unlike to the confined case bulk liquid salol
easily crystallizes at about 290 K and it requires cooling rates of about 500
K/min to supercool it to the glassy state (152).

The present measurements have been performed using a Dynamic
Mechanical Analyser (DMA7-Perkin Elmer). In this method a static or dynamic (f
= 0.01 - 50 Hz) force (1 - 2500 mN) is applied. The amplitude Ah (inset of Figure
12) and phase lag 6 of the mechanical response are measured via

electromagnetic inductive coupling with resolutions of better than 10 nm and

0.01°, respectively.
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Figure 10: Scheme of the pore structure of Vycor glass. On the
right-hand side the increase of the relaxation time of confined salol
molecules approaching the rough walls according to simulations of (142)

is sketched.

This allows to determine the real and imaginary parts of the dynamic
elastic susceptibility of a material at low frequencies as a function of
temperature and applied force. The measurements are performed in so-called
parallel-plate or three-point bending geometries. In contrast to the relative
accuracy, the absolute accuracy of the method is rather poor. There are two main

sources for systematic errors, i.e. the error due to the DMA Quartz rod-motor

system (modeled by a spring constant kpy, = 2 x 10" N/m) and an error due to

non-perfect mechanical contact between the sample and the DMA Quartz rod

(we found typical values of k., = 10° N/m). The first error is usually
compensated by calibrating the DMA apparatus before measurements, but the
contact error cannot be avoided and leads to a significant lowering of the
effectively measured Young's modulus Y. which for parallel-plate geometry is

given as

h
Yeir = Kegr - 3 [2]
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1 1 1
= + [3]
keff ksample kcont

where h and S are thickness and contact surface of the sample.

Details of the experimental setup may be found in refs. (153, 154).

Figure 11 displays the temperature dependences of the sample heights of
pure Vycor and Vycor filled with salol. For these thermal expansion
measurements no force is applied at all. As expected for pure Vycor h(T)
decreases almost linearly with decreasing temperature, whereas the salol-filled
sample shows a strongly nonlinear decrease of h(T) due to the vitrification of
salol in the pores!. As already mentioned above, the glass transition temperature

T, of confined salol appears to be similar to the bulk value of > 220 K.
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Figure 11: Sample heights h(T) measured for pure Vycor and
Vycor filled with salol, normalized at 300 K.

1 An estimation using the density data of liquid and solid salol (186) shows, that the
observed length change must originate from about 20 vol% of salol material, which is in
good agreement with the 28% porosity of Vycor. It implies that the measured response
is due to the material inside the nanopores and does not result from residual material
on the sample surface.
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Figure 12: Real (a) and imaginary (b) parts of the complex Young’s
modulus of salol confined to Vycor glass (d = 7 nm) measured in parallel-
plate geometry. The curves are offset from the 1 Hz data for sake of clarity.

The inset shows typical results from three-point bending measurements.
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Figure 12 gives an overview of dynamic parallel-plate measurements of salol

confined to a Vycor glass of 7 nm-sized pores. The real (Y’) and imaginary (Y”)

!

! !
parts of the complex Young’s modulus Y* =Y +iY show several characteristic
features, which we shall qualitatively discuss now before we present a detailed
analysis of the data: As expected for a glass transition, with decreasing frequency

the curves shift to lower temperatures. However the crossover region between
the high- and low-temperature limits (relaxed and unrelaxed moduli) of Y and
Y appears to be rather broad (= 40 K). This also shows up in a rather big tail on

the high-temperature side of Y’, followed by an abrupt change on the low-

temperature side, resembling a two-step (or double S-shaped) behaviour. In

accordance with this the corresponding loss moduli Y” show two rather broad
peaks, which are separated by about 18 K in temperature. Three-point bending
measurements which we have performed as a function of temperature for
various measurement frequencies show the same type of behaviour (inset of

Figure 12(b)). It should be noted, that pure Vycor displays no anomalies in Y’

!

and Y .Y decreases linearly with decreasing temperature by about 2% in the

!

whole covered temperature range and the loss modulus Y’ is negligible, small

and constant.
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3.3. Interpretation and Comparison with Experiment

Measurements of the elastic response to an applied dynamic stress is a
widely used technique for studying the slowing-down of the dynamics when
approaching the glass transition temperature in glass-forming materials (155,
156). The DMA technique was already successfully applied to study the glass
transition in molecular glass-forming liquids both in bulk materials (157) as well
as confined in porous media (146). A quantitative analysis of the elastic
behaviour of composites can be done on various levels of sophistication (146,
158). Using a simple mixing model, one obtains for Young’s modulus Y¢ of the
composite salol+Vycor for serial mechanical coupling of Vycor and salol

Y. = Y,C, + YCq (4]

where Y,, Y, are the Young’s moduli of Vycor (SiO;) and salol and C, = 0.72, C =

0.28 are the corresponding volume ratios. For parallel mechanical coupling one
obtains

-1

y, = (f(_vv ; i_ss) [5]

Using the values for the elastic moduli of SiO, (Yv = 72.4 GPa) and salol in

the liquid (Y, = 2 GPa) phase we obtain an estimation of Young’s modulus of the

composite at room temperature as 6 GPa < Y, < 51 GPa. Taking into account the

above-mentioned errors in eq. [3], we obtain for the effectively measured

Young’'s modulus of the composite 4.2 GPa < Yﬁff < 11.5 GPa. Using egs. [4] and

[5] and the value of the elastic modulus of salol in the liquid and the solid phase

(Y, = 5 GPa) we obtain upper and lower bounds for the relative changes of the

AY,

composite Young's modulus during vitrification of 0.02 < < 0.13. This

C

estimation of the expected effect explains why the vitrification process of salol
within the pores of Vycor can be so easily detected by DMA experiments. The
measured relative changes of the Young’s modulus of about 10-20% (Figure
12a) are well within the above-calculated limits. Interestingly enough very
similar conditions (with respect to the elastic moduli ratios) appear for a quite
different system, i.e. for the transition of water into ice. Here the bulk modulus

changes from about 2.2 GPa in the liquid state to about 9 GPa for polycrystalline
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ice (159). In an early work Sellevold and Radjy (160) studied the freezing of
water confined in porous Vycor by dynamical mechanical resonance
measurements (300 Hz - 1600 Hz). Very similar to our case they find a
substantial increase of Young’'s modulus up to 70% and an enhancement of
internal friction associated with the freezing transition of capillary condensed
water in the nanopores.

To explain the crossover from the liquid to the glass state of salol
confined in Vycor, we made several attempts to describe our experimental
findings: A simple Kohlrausch or Cole-Davidson function even with extreme

stretching parameters do not reproduce our data at all. Even in case, where we

can fit Y’, the peak in Y” appears to be shifted at about 20 K higher than the
measured one! In fact all attempts to fit our data with a single relaxation time
failed. This led us to the assumption that the dynamical behaviour of salol in the
pores requires an inhomogeneous model taking into account a radial space
dependence of the relaxation time (Figure 10). In fact such a model was very
recently applied to describe inelastic neutron scattering experiments of salol
confined in nanoporous silica glass (Gelsil) (104). In order to fit their data of the
scattering function at all measured temperatures, the authors assumed a shift of

the Vogel-Fulcher temperature according to

R—r+r

To(r) = Too(r) + lLl [6]
p

where Ty, is the Vogel-Fulcher temperature of the bulk liquid, R= d/2 is the

pore radius and ry, is a so-called penetration radius, i.e. a distance beyond which

it is very unlikely to find a particle of the fluid. Using a Vogel-Fulcher

temperature dependence of the relaxation time t = rer/[T_TO(r)], one obtains a

dependence t(r) on the position of a relaxing volume in the pore:
E [7]

k
T —Too(r) + [m]

T(r, T) =15 exp
In fact such a parametrization is consistent with recent results from molecular-

dynamics simulations which predict an exponential dependence of the relaxation

time when approaching the pore walls (142). In ref. (141) it was shown, that
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close to the surface of the pores the r-dependence of the relaxation time can be

described by the empirical ansatz t(r) « eJ—'A(T)/(R—”I‘p)

, where the positive
(negative) sign corresponds to systems with rough (smooth) surfaces (Figure
10).

To calculate the macroscopic dynamic elastic response we integrate the
dynamic complex Young’s modulus — which here we assume to be of Cole-

Davidson type over the pore volume. The averaged and normalized real and

imaginary parts of Y*(wt) « [ then read

_r
1+iwt(r)]Y

2 - AY R cos|y - arctan(wt(r, T
yo- 2 f v (or( y))]rdr
R 0 [1 + w?t(r, T)?]2
2 - AY Rsin |y - arctan(wt(r, T
yro 2 J’ v (w( Y))] dr 8]
R 0 [1 + w?t(r, T)?]2

Inserting eq. [7] into eq. [8] we have simultaneously fitted the frequency
and temperature dependences of the real and imaginary parts of the complex
Young’s modulus (Figure 12).

The present model reproduces our measurement data excellently (Figure

13) with fit parameters y = 0.4, To, = 155 K, E = 1750 K, 1, =10 " sand k = 25
nmK. Broadband dielectric spectroscopy data (161) of salol in Gelsil of 2.5, 5 and
7.5 nm pore sizes where interpreted in terms of a two-states model with
dynamic exchange between a bulk-like phase in the pore volume and an

interfacial phase close to the pore wall. For the bulk-contribution and 7.5 nm

pores the authors obtained t, = 107" s, To = 177 K and E = 1416 K. The
relaxation time of the surface contribution was shown to be two orders of
magnitude higher. Of course these parameters cannot be directly compared with
ours, since their fits where obtained from different equations, but a numerical
evaluation of eq. [5] with our set of parameters also yields T (r = R)/t (r = 0) =

100 in the temperature range covered by dielectric spectroscopy.
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Figure 13: Fit of the dynamic (f = 1.6 Hz) elastic response of salol
confined to 7 nm pores with the inhomogeneous model — eq. [8] —
described in the text. The inset shows calculations with different pore

sizes.

Very recently inelastic neutron scattering experiments of salol in Gelsil
where performed (104). The authors used the same approach of inhomogeneous

dynamics as we and obtained values of fit parameters for salol confined in 2.5
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nm Gelsil: y = 0.322, Ty = 179 K, E = 831 K, 1, = 10”13 s and k = 5 nmK.
Unfortunately these parameters also cannot be directly compared to ours since
the pore size, the host matrix and the measurement technique is rather different
from ours. Moreover in a previous work it was shown, that the Vogel-Fulcher
temperature can depend strongly on the low-frequency cutoff of the applied
fitting range (162). Using dielectric and specific heat spectroscopy the author has
shown, that the Vogel-Fulcher temperature T, can vary from 220 K to 140 K for

frequency cutoffs between 10" Hz and 10" Hz. This may explain the different T,
values obtained from inelastic neutron scattering and low-frequency Dynamic

Mechanical Analysis. The other bulk values for salol reported in the literature

(161)are,=10 ~sand E =931 K.

Interestingly in differential scanning calorimetry (DSC) measurements of
salol confined to porous silica MCM-41 and SBA-15 a second anomaly at 14-16 K
above the bulk glass transition was found (136). The authors interpret this
additional specific-heat anomaly in terms of a second glass transition in the

interfacial pore region. Our analysis of data, however, rather suggests, that the

n

additional peak in the temperature dependence of the loss modulus Y is not
related to the existence of a layer at the pore surface that is dynamically
decoupled from the rest of the liquid, but is just the result of averaging over
particles that have a distribution of relaxation times. A similar interpretation
may also be appropriate for the additional specific heat anomaly of ref. (136).
Indeed for increasing the pore size the present model yields a decrease of the
second loss anomaly as well as a shift in temperature (inset of Figure 4), which
very much resembles the findings of ref. (136).

Part of the above-mentioned complication, i.e. the increasing or
decreasing T, with varying pore sizes may originate from a transmission of
surface-induced slowing-down or acceleration of molecules quite far into the
pore volume. However salol seems to be a system, where the surface-induced
slowing-down can be separated from the confinement-induced acceleration of
the dynamics. Indeed in the framework of our model the extrapolated “core”
Vogel-Fulcher temperature Ty(r=0) = To+k/(R+r,) » 160 K, is about 35 K below

the bulk value (194 K) measured by dielectric spectroscopy (112). It implies, that
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although the motion of molecules is slowed down near the rough surface of the
pores, the relaxation times near the center of the pores are smaller at all
temperatures compared to bulk salol. The present results for salol are consistent
with the view that the a-relaxation is faster in confined geometries. Very recently
Zorn et al. (104) arrived at the same conclusion from inelastic neutron scattering

experiments of salol confined in nanoporous Gelsil with various pore sizes.
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3.4. Conclusion

Summarizing, our measurements demonstrate, that Dynamic Mechanical
Analysis provides a very sensitive method to test the dynamic behaviour of
glass-forming liquids in confined systems. In favorable cases it allows to study
the question, of whether or not there is an “intrinsic” size or confinement effect

that is balanced by surface effects. Indeed the results of salol (inset of Figure 13)

show, that for decreasing pore size the second anomaly in Y” becomes more

pronounced, making it easier to separate confinement and surface effects for the

interesting case of pore sizes approaching the correlation length §(T,).
Experiments are under way to measure the glass transition dynamics of

salol for various pore sizes of the host matrix.
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Chapter 4

4. CONFINEMENT EFFECTS ON GLASS FORMING LIQUIDS

This chapter includes the manuscript of the published
article “Confinement effects on glass forming liquids probed by
dynamic mechanical analysis”, Physical Review B 78, 054203
(2008) by J. Koppensteiner, W. Schranz and M.R. Puica (84).
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“Confinement effects on glass forming liquids probed by
dynamic mechanical analysis“, Physical Review B 78,

054203 (2008)

J. Koppensteiner, W. Schranz and M. R. Puica

Faculty of Physics, University of Vienna, Boltzmanngasse 5, A-1090 Vienna,
Austria

ABSTRACT

Many molecular glass forming liquids show a shift of the glass transition
T, to lower temperatures when the liquid is confined into mesoporous host
matrices. Two contrary explanations for this effect are given in literature: First,
confinement induced acceleration of the dynamics of the molecules leads to an
effective downshift of T, increasing with decreasing pore size. Second, due to
thermal mismatch between the liquid and the surrounding host matrix, negative
pressure develops inside the pores with decreasing temperature, which also
shifts T, to lower temperatures. Here we present dynamic mechanical analysis
measurements of the glass forming liquid salol in Vycor and Gelsil with pore
sizes of d = 2.6, 5.0 and 7.5 nm. The dynamic complex elastic susceptibility data
can be consistently described with the assumption of two relaxation processes
inside the pores: A surface induced slowed down relaxation due to interaction
with rough pore interfaces and a second relaxation within the core of the pores.
This core relaxation time is reduced with decreasing pore size d, leading to a
downshift of T, « 1/d in perfect agreement with recent differential scanning
calorimetry (DSC) measurements. Thermal expansion measurements of empty
and salol filled mesoporous samples revealed that the contribution of negative
pressure to the downshift of T, is small (< 30%) and the main effect is due to the
suppression of dynamically correlated regions of size £ when the pore size d

approaches &.
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4.1. Introduction

When approaching a glass transition some physical properties like
viscosity or relaxation times change up to 14 orders of magnitude (129, 130). An
explanation for the observed slowing down of the dynamics is the formation of
collectively dynamically rearranging clusters (18, 163) or regions, with growing
size § and increasing relaxation times as T, is approached (131). The idea of an
increasing dynamic correlation length € when approaching a glass transition is
strongly supported by recent computer simulations (143, 164, 165), although not
strictly proven, since computer simulations cannot treat the time range of the a-
process. Very recently a breakthrough was achieved in this field. Biroli et al
(166) found first-time evidence that the mode coupling theory predicts a
growing dynamic length scale approaching the glass transition of a supercooled
liquid. The authors obtained a rather modest growth of the dynamical length
scale & with decreasing temperature, which is in very good agreement with
computer simulations (143) and experimental results. Indeed many
experimental setups like heat capacity spectroscopy (7, 167), multidimensional
NMR (28, 29, 32), multipoint dynamical susceptibilities (21), etc. have been used
to monitor a possible growing length scale accompanying the glass transition. All
these results agree in the fact that the obtained dynamically correlated regions -
although material dependent - are of the order of 1-4 nm and display - ifatall - a
weak temperature dependence.

An alternative experimental approach to get a reference to a possibly
existing cooperation length & which increases when T— Ty is by spatial limitation
of a glass forming liquid. Spatially confining geometries as ultrathin films,
mesoporous silica or zeolithes have already been used to study phase transitions
of water (168), hydrocarbons (169), noble gases (125, 170), liquid crystals (122)
or alkenes (171). But this concept also illuminated the old and still open question
on the very nature of the glass transition and its dynamics (128): In a pioneering
work Jackson and McKenna (135) studied the glass transition of organic liquids
in controlled pore glasses (CPG) for various pore sizes d. They found a reduction

of the glass transition temperature T, for liquids in confinement as compared to
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the bulk material. The downshift of T, was larger for smaller pore sizes, i.e., AT,
x 1/d, an effect similar but not as strong as the suppression known for the

melting temperature Ty, in confinement. During the following two decades this

effect was studied via calorimetry (136, 172), dielectric spectroscopy (173),
neutron scattering (104), light scattering (174), and molecular dynamics (141). It
was shown that in many cases confinement below a characteristic length
impedes (172) the transition, implying that molecules within a region of the size

Eg (approaching T, typically some nm (39, 175)) have to cooperate and rearrange

in order to create the glassy state. Hindering this cooperation first leads to a
downshift of T, if d ~ Eg and finally to a suppression of the transition if d < &g
(172).

However, although this shift of T, with decreasing confinement size was
found in numerous studies, there are complications which blur this simple
picture: e.g. in many molecular dynamics simulations of glass forming liquids at

high temperatures above the empirical mode-coupling temperature T,

confinement is found to slow down the dynamics (176, 177). Furthermore, in
some systems a competition appears between slowing down of molecular
motions due to pinning of the molecules at the pore surface and acceleration of
the dynamics due to decreasing size of the confinement. Another effect occurs
due to the difference in thermal expansion coefficients of the porous host matrix
and the glass forming liquid. This may create negative pressure upon the
confined liquid when the glass transition is approached. Some authors attribute
the whole observed downshift of T, to this negative pressure effect (174). We
will address these points in more detail below. For excellent reviews about these
topics the reader is referred to Refs. (140) and (151).

Very recently the confinement effect on the glass forming liquid salol was
studied via dynamic mechanic analysis (DMA) measurements (19) in Vycor with
d = 7 nm pore size. It turned out that the dynamic elastic response is very
sensitive to the glass transition of liquids confined to mesoporous samples.
Based on the results of computer simulations (141, 142) we could disentangle
acceleration effects due to confinement and slowing down of molecular motion

due to interaction of the molecules with the rough pore surface. We could even
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predict the pore size dependence of the dynamic elastic response (see Fig. 4 of
(19) or Figure 13 of this work). In order to test these predictions and to study the
glass transition of salol for different pore sizes, further measurements have been
performed. Here we present experimental results of the temperature and
frequency dependence of the complex dynamic elastic susceptibility of salol
confined in mesoporous matrices of d = 7.5, 5.0, and 2.6 nm. In addition, thermal
expansion measurements have been performed, which now allows us to take a
new look at the often discussed negative pressure effect on glass forming liquids
in confinement and to separate this effect from an intrinsic size effect.

The present paper is organized as follows: Section 4.2 yields insight into
sample preparation and some technical details of DMA analysis. Section 4.3
displays a compilation of the experimental data and results of modeling and
interpretation of the present data. It also contains a calculation of the effect of
adsorption swelling and the separation of the actual downshift of T, in salol into
the negative pressure effect and the confinement effect. Section 4.4 concludes

the paper.
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4.2. Experiment

4.2.1. Sample Preparation

Porous Vycor samples are made by Corning Inc., NY and sold under the
brand name "Vycor 7930". Via phase separation and leaching a three-
dimensional random network of pores in nearly pure silica is fabricated (88).
Pores are uniformly distributed in length, direction, and density (89). The mean
ratio of average pore diameter d and pore length 1, is d/l = 0.23. Gelsil is a
mesoporous xerogel consisting of pure silica with a very narrow pore radius
distribution. Gelsil rods were made by 4F International Co., Gainesville, FL.
Results on pore sizes were derived from Barrett-Joyner-Halenda (BJH) analysis

of the individual N,-desorption isotherms (178) and are summarized in Table I:

Table I: N, adsorption characteristics of porous silica samples.

Gelsil 2.6 Gelsil 5 Vycor
Av. pore diameter (nm) 2.6 5.0 7.5
Surface area (mz/g) 586 509 72
Pore volume (cm3/g) 0.376 0.678 0.214
Porosity ¢ 0.51 0.66 0.30

All samples were cut and sanded in order to gain parallel surface plains.

3

The typical size of a sample was (2x2x8) mm® for parallel plate and about

(2x1x7) mm?3 for three-point-bending DMA measurements. Cleaning was done
in a 30% hydrogen peroxide solution at 90 “C for 24 h, drying at 120 °C in a high-

vacuum chamber at 1070 bar, also for about 24 h. The guest glass forming

material was salol (phenyl salicylate, C ,H, 0,), a low molecular weight liquid,

3

whose melting temperature is Tm = 316 K. Salol is a standard, so-called fragile

(112), glass former (m = 73) known (136) to form a glass either at extreme

cooling rates of 500 K/min or in pores smaller than 11.8 nm. Filling was done at
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317 K via capillarity wetting. By comparing the weight of clean and filled

samples the filling fractions f were determined (see Table III).

4.2.2. Dynamic Mechanical Analysis (DMA)

In this method a static and a dynamic force F__ +F e (0.001-16 N at

0.01 - 100 Hz) are applied on a sample using a quartz or steel rod (see Figure
14). The response of the sample is measured via the displacement of the rod.

Absolute height h, height amplitude Ah and phase lag & are read via

electromagnetic inductive coupling (LVDT) with a resolution of 10 nm and 0.01°,
respectively. These data allow direct access to real and imaginary parts of the
complex elastic susceptibility at low frequency and as a function of temperature
and applied force. In addition, the thermal expansion of a sample can be deter-
mined in the so-called thermo mechanical analysis (TMA) mode, where no
external force is applied. Two devices are used: A DMA 7 and a Diamond DMA,
both from Perkin Elmer Inc. Two measuring geometries are applied: Parallel

plate (PP) compression and three-point bending (3PB) (see Figure 14).

(a) (b)
Fstat + den
Fstat * den A
h th
b

Figure 14: Sketch of (a) parallel plate and (b) three-point-bending

geometry.
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Parallel plate geometry reveals purely the complex Young’s modulus

!

Y*=Y +iY ,whereY andY are the storage and the loss modulus, respectively.
The three point bending geometry delivers Young’s modulus plus a small
(geometry dependent) contribution of a shear elastic constant. More details on

measurement geometry may be found in Refs. (153) and (154). The absolute

!/

accuracy of resulting real and imaginary parts Y, and Y, is rather poor, mainly
because of contact losses between the quartz rod and the sample. A discussion of
these systematic errors may be found in (19). In contrast the relative accuracy is
excellent and the DMA method is estimated to be about 100 times more sensitive
to detect glass transitions or other subtle phase transitions than differential

scanning calorimetry (DSC) measurements (179).
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4.3. Results and Discussion

4.3.1. Dynamic Elastic Response

Diamond DMA measurements (in parallel plate and three-point-bending

geometry) of Vycor and Gelsil samples filled with salol are shown in Figs. 15-18.

The loss modulus Y” [Figure 15(b)] of salol in 7.5 nm pores clearly shows a "two-
peak structure”, i.e., a peak with half-width at half maximum (HWHM) about 20

K, and a shoulder or second peak at about 15 K higher temperature [also see

Figure 18(b)]. This is also reflected by the real part Y’, which displays a "two-
step-like shape" with temperature [Figure 15(a) and Figure 18(a)]. Both peaks in

Y” shift to higher temperatures with increasing frequency as expected for a glass
transition. In smaller pores of Gelsil 5.0, peak and shoulder merge into one
asymmetric peak of width ~ 30 K [see Figure 16(b) and Figure 18(e)], also
shifted with higher frequency to higher temperatures. In 2.6 nm pores the loss
peak shows a rather symmetric form broadened up to about 60 K [see Figure
17(b) and Figure 18(f)].

While in large pores of 7.5 nm diameter vitrification of salol seems to

happen decoupled (two peaks in Y ) in regions near the pore surface and the

!

!
pore center; things change in smaller pores. With decreasing pore diameter, Y

approaches a symmetric form and simultaneously Y’ changes from a "double
step shape" into a "single step shape”, indicating only one type of relaxation
process. Similar broadening effects as for the loss peaks of our DMA
measurements were observed in pores of decreasing size also by calorimetric
(135) and dielectric measurements (23, 180). This broadening as well as a shift
of the glass transition to lower temperatures was calculated by Sappelt and
Jackle (181) using kinetic Ising and lattice gas models, and shown to originate

from confinement induced suppression of cooperative motion of molecules.
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Figure 15: Real (a) and imaginary parts (b) of the complex Young’s

modulus of Vycor 7.5 nm filled with salol (filling fraction f = 0.79)

measured in three-point-bending geometry. The curves are offset from

the 1 Hz data for sake of clarity.
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Figure 16: Real (a) and imaginary (b) parts of the complex Young’s
modulus of Gelsil 5.0 nm filled with salol (filling fraction f = 0.75)
measured in parallel plate geometry (Diamond DMA). The 1 Hz signal is

original data; other signals are offset for sake of clarity.
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Figure 18: Real (a) and imaginary (b) part of the complex Young's
modulus of salol in Vycor or Gelsil for different pore sizes, all measured at

20 Hz.

Pure Vycor and Gelsil, meaning exposed to air and therefore mostly filled
with nitrogen, do not show any of these features. Y decreases about 2% between

300 Kand 180 K. Y ! is constant within the corresponding temperature range.
Any standard relaxation model like Debye, Kohlrausch, Cole-Cole or Cole-

Davidson fails to describe our dynamic elastic susceptibility data if only one type

of relaxation process is assumed. One would have to use extreme stretching

!
parameters to fit Y, which then leads to improper temperature shifts of the

!

!
peaks in Y with respect to the experimental data and misfitting signal heights.
The most efficient model to describe our data turned out to be a modification of

the empirical Vogel-Fulcher-Tammann law

T(T) =15 - exp [T —ETO] [9]

where T, is a preexponential factor, E-kB is an activation energy, and T, is the

Vogel-Fulcher (VF) temperature. Following computer simulations (141, 142) we

take into account a shift of VF temperatures along the pore radius r. In a recent
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paper Zorn et al. (104) suggest the empirical ansatz

To(r) = Too(r) + Iml

with the bulk VF temperature T,, and the pore radius R=d/2. The so-called

penetration radius r, is the radius beyond which it is very unlikely to find a

particle in the fluid state (141). The combination of Egs. [9] and [10] leads to a

radial distribution of relaxation times T inside the pore:
E [11]

T — Too(r) + [R—Lp]

T(r, T) =14 - exp

r+r

Equation [11] describes the exponential increase in relaxation time when
a rough pore wall is approached, and a growing influence of the pore wall with

decreasing temperature, a behaviour which was also found by recent computer

simulations (141-144). A temperature parametrized Cole-Cole plot of Y” VS Y’ of
our data calls for a Cole-Davidson model of the complex dynamic elastic
susceptibility
1
Y* X 12
() (1+iwT)Y [12]

with @ = 2mv, v being the measurement frequency, and the broadening

parameter y. Using Eq. [11], averaging over the pore radius R, and separating

real and imaginary part of Y* =Y +i-Y by common procedures leads to

2 - AY R cos|y - arctan(wt(r, T
Y=1-—75— f [Y ( ( Y))]rdr [13]
R 0 [1 + w?t(r, T)?]2
2 - AY Rsin |y - arctan(wt(r, T
yro 2L J’ v (w( Y))] dr [14]
R 0 [1 + w?t(r, T)2]2

As already mentioned above, the two-peak structure in Y of 7.5 and 5 nm
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confined salol (Figure 15 and Figure 16) suggests to split the dynamic elastic
response into a core and a surface contribution: The molecules in the core
(center of the pores) behave bulk like and are dynamically decoupled from the
molecules near the pore surface. This is modeled by inserting into Egs. [13] and
[14] the corresponding relaxation times t, - exp[E /(T - T, )] given by Eq. [9] if
r < Rc and t(r,T) given by Eq. [11] if r > Rc (see also Figure 20). The sum of the

two contributions perfectly describes our Y and Y data on salolin 7.5 and 5 nm

pores simultaneously (see Figure 19).
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Figure 19: Real part Y’ and imaginary part Y” of different porous
samples filled with salol. The lines are fits using Eqs. [13] and [14] with

parameters of Table II.

In 2.6 nm pores we do not expect any molecule to behave like the bulk
liquid any more, since the pore radius is of the same order as the estimated
surface shell (see Table II), implying that every molecule is influenced by the
near surface. Therefore we use Egs. [13] and [14] with no bulk term which
reproduces one single peak and also fits our data very well [Figure 18(c) and

18(f) and Figure 19(c) and 19(f)].
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Table II: Fit parameters used in Egs. [13] and [14] for fits of Figure 19.

Vycor Gelsil 5 Gelsil 2.6

R (nm) 3.75 2.50 1.28
Ip (nm) 0.36 0.25 0.28
E (K) 1750 1750 1750
Too (K) 158.5 156.2 136.0
To (S) 10-11 10-11 10-11
Y 0.33 0.18 0.15
K (nm K) 18 11 25

R¢ (nm) 2.5 1.35 -

Shell R - R¢ (nm) 1.25 1.15 1.28

The radius of the "core" of bulk like interacting molecules turned out to
be R¢ = 2.5 nm and 1.35 nm in 7.5 nm and 5.0 nm pores, respectively (see Table
I1). This implies that the thickness of the shell of molecules being slowed down
by wall interaction R - R¢ = 1.25 nm and 1.15 nm for 7.5 nm and 5.0 nm pores,
respectively.

Additional loss peaks, attributed to molecules forming H bonds to the
inner pore surface, have also been reported from dielectric measurements of
salol in 7.5 nm pores (22, 182). The work of Kremer and Stannarius (182) also
revealed that the typical size of a shell of molecules interacting with the pore

surface is about 2 or 3 molecules. Since the size of a salol molecule is estimated

as (1.4x0.6x0.4) nm’ in (183) or as 0.282 nm’ in (184), both corresponding to a
mean diameter of 0.8 nm, this shell size is on the order of 1.6 to 2.4 nm. This is in

very good agreement with our findings (see Table II). The core size R; decreases

with decreasing pore radius (see Table II and Figure 20), also in very good

agreement with the results of Kremer et al (173).
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Figure 20: Modeled relaxation time distributions in pores of
diameter 7.5 nm to 2.6 nm from Eq. [11] used in Egs. [13] and [14] for fits
of Figure 19.

The fitted Vogel-Fulcher temperature T, is reduced with respect to the
bulk and with decreasing pore size (see Table II). In order to compare our results
with published data, we plotted the relaxation time in the pore center t(r=0, T)
for various pore sizes d and determined the corresponding T,(d) by using the
common procedure (184) for finding the laboratory glass transition temperature,
i.e.,, a cut with a horizontal line at T = 100 s (see Figure 21). As shown in Figure
24, this leads to glass transition temperatures decreasing «< 1/d in very good
agreement with published data of DSC measurements (174).

On the other hand there are molecular dynamics simulations (176, 177) of
glass forming liquids pointing to the fact that at higher temperatures above the
mode coupling temperature T, = 260 K of salol (185) confinement slows down
the dynamics. However within the present experimental frequency range (0.01-
100 Hz) we are not able to detect such a crossover to confinement induced

slowing down by heating the sample from T, to temperatures above T for the

following reason: An extrapolation of the relaxation times of Figure 21 to these

temperatures shows that t(T>260 K) < 10" s, implying that wt < 1 within this
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temperature range even at the highest available measurement frequency of 100
Hz. Therefore the dynamic elastic susceptibility given by Eq. [12] is actually
independent of Tt and we have to extend our frequency range to higher
frequencies. Work in this direction using resonant ultrasound spectroscopy (RUS,

50 kHz < v < 1.5 MHz) is in progress.
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Figure 21: Relaxation time in pore centers calculated from Egs. [9]
and [11] with corresponding parameters from Table II. The horizontal

line shows t=100s.
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4.3.2. Filling Process and Accompanying Effects

By using a DMA in a static TMA mode one can detect small changes in a
sample’s height with a resolution of 10 nm. We measured the time dependent
swelling of the Vycor and Gelsil samples during filling with salol and the thermal
expansion of empty and filled samples in the following way: In parallel plate
mode, the quartz rod is placed on top of the sample with force F = 0 N, and just
height and temperature signals are read out. A clean piece of Vycor/Gelsil
sample is cooled down to 170 K. Afterwards the sample is heated slightly above
the melting temperature T = 316 K of salol and kept there isothermally.

Crystalline, powder-like salol placed right around the sample melts and
percolates the Vycor/Gelsil sample due to capillarity (Figure 22). After filling
until saturation, the sample is cooled down to 170 K again (Figure 23). The time
dependence of the filling process is displayed in Figure 22 for Vycor. While salol
is percolating the sample, the temperature is held constant and the sample’s
height is measured. Charts for Gelsil 5.0 nm and Gelsil 2.6 nm look very similar.
The diagrams in all cases show the typical v/t behaviour as expected for a single
capillary rise experiment, following Lucas (186) and Washburn (187). This result
is in concordance with findings of Huber et al. (188), who investigated the mass
uptake of porous silica samples and its time dependence, leading to the Lucas-
Washburn v/t behaviour of the mass uptake with time. Very recently it was
shown that the Lucas-Washburn equation (with small modifications) works well

even at the nanoscale (189), which is in harmony with our results.
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Figure 23: Linear thermal expansion of empty and salol filled

samples with pore diameters of (a) 7.5 nm, (b) 5.0 nm, and (c) 2.6 nm.

The expansion of a porous sample during adsorption of gases or water
has already been investigated in the 1920s (190). As a liquid/gas intrudes the
sample it is subject to a negative hydrostatic pressure inside the pores, which

leads to an expansion of the porous sample during adsorption of gases or water.

. . 2
Mesoporous media have enormous inner surfaces up to some 100 m /g (see

Table I). This leads to a considerable stress reduction within the whole matrix
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and a sudden voluminal growth, which slows down and stops as all pore space is
filled (see Figure 22). The change in height due to the adsorption swelling can
even be calculated quantitatively. The pressure reduction of the liquid in a

capillary is known (191) as P¢c = 20/r, with the surface tension ¢ and the

capillary radius r. With o = 1.73x10 N/m from (174), this yields a capillary
pressure of 26.6 MPa in 2.6 nm pores. This would lead to a hypothetical capillary
rise of 1.8 km for salol. The linear strain e = Ah/h accompanying the filling

process can be computed by the equation (192):

£P, 1 1
_ 11 15
€T 73 (K KS> [15]

with the filling fraction f, the bulk modulus K of the empty host matrix, and the
bulk modulus of the material building the solid frame Ks (which is nearly pure

§i0,). The bulk moduli K have been determined by RUS (96). Table III shows

parameters used to calculate e = Ah/h. The calculated values for the adsorption

swelling agree rather well with the experimental results.

Table III: Variables of Eq. [15].

Vycor Gelsil 5 Gelsil 2.6
d (nm) 7.5 50 2.6
Porosity ¢ 0.31 0.66 0.51
P, (MPa) 92 13.8 26.6
K (GPa) 8.1 39 9.6
f 0.77 0.62 0.32
€ cale 23x 107 6.6 x 107 22x 107
€exp 1.0 x 1074 4.1 x10™ 35x 107
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4.3.3. Negative Pressure Effect

The downshift of the glass transition in nm-confining pores is often
reported to obey a 1/d law [see (135, 136, 174, 193)]. At first this was proposed
by Jackson and McKenna (135), following their former results on the shift of the
melting transition Tm in confinement (194). But the supposed suppression of
molecular cooperation when the pore diameter approaches an inherent length
scale is not the only possible reason for a downward shift of T, in confinement.
Zhang et al. (193) proposed the increase in negative hydrostatic pressure within
the pores due to mismatching thermal expansions of liquid and host matrix as
the main driving force for the downshift of T,. This idea was also discussed by
Patkowski et al. (174) and Simon et al. (195), and was reviewed by Alcoutlabi
and McKenna (140).

As Figure 23(a) shows, for large pores and in a cooling process starting at
RT, at higher temperatures the Vycor matrix is not affected by its filling. It

contracts like the empty Vycor matrix with a thermal expansion coefficient a =

Ah/(h-AT) = 5.1x10 °K . Patkowski et al. (174) proposed the possible flow and
equilibration of the confined liquid well above T,, which we also consider to be
the case here. But as vitrification sets in at about 230 K, the filled Vycor matrix is
subject to a contraction which is stronger compared to the empty Vycor sample.
Strong interaction (H bondings) between salol and the pore surface might be the
reason for this. At smaller pores of filled Gelsil samples [Figure 23(b) and 23(c)]
additional contraction already starts at higher temperatures. For an estimation
of the process developing negative pressure upon the filling liquid, the strain
misfit between the glass and the host matrix is

Aémf = 3(“1 - az )AT [16]

with «j, the thermal expansion coefficients of the host matrix (1) and salol (2).

Negative pressure then derives from AP = A€ /x;, where k; is the bulk

compressibility of salol. The resulting shift of Ty ie.,

aT
T,(P) = T,(P=0)- —=| AP [17]
P, _,
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crucially depends on the choice of AT, the temperature range, in which the
effective negative pressure upon salol develops. This effective temperature range
can be estimated from our data as follows: As calculated from Eq. [15] the host
porous matrix expands with filling due to the negative capillary pressure which
acts on the confined liquid. Since with cooling the liquid salol contracts, this

stress relaxes and the composite is stress free if the filled sample height is the

same as for the empty matrix which occurs at T = T* (see Figure 23). So AT ~ T*-

T, Results of these estimations are given in Table IV. Parameters used for salol

are K, = 5x10 " Pa ' from (196), the thermal expansion coefficient y, = 3a, =

7.36x10™% K1 from (129), and 8T,/aP = 0.204 K/MPa from (197). Our
measurements are in accordance with enthalpy recovery results of Simon et al
(195). Their model shows that effective negative pressure develops 2 to 2.5 K
above the reduced glass transition for samples with 11.6 and 25.5 nm pore sizes.
Further, they state "...If negative pressure were the cause of the depressed Ty, the
temperature at which isochoric conditions are imposed would have to be ~20 to
40 K above T,." For comparison we obtain a necessary AT = 10 to 40 K ford = 7.5

to 2.6 nm pores, which is in very good agreement with Simon et al.

In our opinion our calculated AT" is still overestimated for two reasons:

First, using the bulk value a, of the host matrix from Figure 23 does not take into

account internal pore walls being affected by the negative pressure inside,
relaxing to some extent and so reducing pressure. Second, thermal expansions of
other glass forming liquids, e.g., toluene have been reported 1.5 times smaller in
confinement (198) compared to bulk. Moreover, thermal expansion of liquid
salol drops (129) to a quarter of its value at the glass transition. So, as the glass
transition sets in, o; starts to decrease and a purely pressure induced downshift
AT, would be even more diminished. Apart from this the reason for the size
dependence of the thermal mismatch effect (see Figure 24, open circles) is not

clear at all.
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Table IV: Parameters of AT, estimations, AT;Xp = AT; P+ ATSOM
Vycor Gelsil5 Gelsil2.6
d (nm) 7.5 5.0 2.6
oz (K1) 21-107° 46-107° 1.1-107°
AT (K) 6 10 15
Ae™ (%) -0.40 -0.60 -1.06
AP (MPa) -8.1 ~12.0 -21.1
AT,”(K) -1.6 -2.4 -4.3
ATEM(K) -1.4 -29 -6.4
AT, (K) -3.0 -5.3 -10.7
pore diameter (nm)
oo 10 5 25
oh : . :
2| neg. pressure
— -4 |
X
< gl
'ZQ confinement
-8 [ |« Patkowski et al.
-10} | « present results
121 negative pressure
effect
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Figure 24: Shift of glass transition temperature against (pore

diameter)_l. The boxes are T,'s from Figure 21, triangles show literature

values from (174), and open circles display the maximum negative

pressure contribution (see section 4.4).
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4.4. Conclusions

The glass transition of salol confined to porous host matrices of Vycor and
Gelsil with pore sizes of 7.5, 5.0 and 2.6 nm has been measured by Dynamic
Mechanical Analysers (DMA 7 and Diamond DMA, Perkin Elmer). The dynamic
complex elastic susceptibility data can well be fitted assuming two types of
dynamic processes: A "bulk" relaxation in the core of the pores and a radially
increasing "surface relaxation” of molecules near the pore surface. The
calculated core relaxation time shows a typical Vogel-Fulcher temperature
dependence and decreases with decreasing pore size d. This confinement
induced acceleration of dynamics leads to a shift of the glass transition
temperature T, o 1/d, which is in perfect agreement with recent DSC results
(174). Measurements of the sample height with filling (adsorption swelling) and
thermal expansion are used to calculate the effect of "negative pressure” due to
thermal mismatch between the porous host matrix and the glass forming liquid.
Such negative pressure could at least partly explain a shift of T, in confined glass
forming liquids (140, 174, 195). Our data show that for salol this effect of thermal
mismatch could describe at most 30% of the observed downshift of Ty which is
in harmony with enthalpy recovery experiments (195).

In our opinion the main cause for the shift of T, is a hindering of
cooperativity due to confinement. This is also supported by an estimation of this
effect using the results of Hunt et al. (199). They calculated the finite-size effect
of the glass transition from percolation and effective medium models, which
yields

0.5 " E I‘O

0 18
In(t -vph) L 18]

Ty (d) = T, (bulk) —

Inserting t = 100 s, v, = 1/71,, and our fit parameters from Table II, and

assuming that the typical distance between molecules r, is about the diameter of

a salol molecule (200) (do = 0.8 nm), we obtain AT™™ as 3.2,4.8and 9.1 Kfor 7.5,
5.0 and 2.6 nm pores, respectively. These calculated values agree surprisingly

well with the measured confinement induced downshifts of T, (d) (see Figure 24
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and AT in Table V).
Moreover Eq. [18] predicts (199) that the size dependence of AT,
increases with increasing fragility (113),
E-T
m = £ .
In(10) - (T, — To)

[19]

since m « E. Indeed, this correlation between AT,(d) ~ m was verified
experimentally for many systems, i.e,, for glycerol (193) (m = 53) AT, (d = 2.5
nm) = -4 K, benzyl-alcohol (135) (m = 65) AT, (d = 2.5 nm) » -9 K, salol (174) (m
=73) AT, (d = 2.5 nm) = -11 K, o-terphenyl (174) 1 (m = 81) AT, (d = 2.5 nm) »
-25K.

We think that these considerations, i.e., the downshift of T, calculated via
percolation theory, as well as the clear correlation between the magnitude of
induced T, shift and the fragility of a glass forming liquid, both confirm our other
findings (see Figure 24) that the main effect of the confinement is to suppress
cooperative motion. Negative pressure effects although always present

contribute only little.

ACKNOWLEDGEMENTS

Support by the Austrian FWF (Grant No. 19284-N20) and by the
University of Vienna within the IC Experimental Materials Science ("Bulk
Nanostructured Materials") is gratefully acknowledged. We thank Marie-
Alexandra Neouze and the Institute of Materials Chemistry from the Vienna
University of Technology for the N2-characterization of our samples. We are

grateful to ]J. Bossy (CNRS Grenoble) for supplying us with Gelsil samples.

70



Chapter 5

5. SUBSEQUENT APPLICATIONS

Our original contributions to the field (19, 84), published in the articles
presented in the previous two chapters, have been cited by multiple studies
since they appeared in print. This chapter reviews some of these subsequent
applications and extensions of our work, as well as various models to analyze the
experimental data, and alternative experimental techniques.

The DMA experiments described in chapters 3 and 4 were carried out on
phenyl salicylate (salol, C13H1003) (19, 84). A similar approach has been
employed subsequently for the study of other glass-forming liquids, ortho-
terphenyl (OTP, CigsH14) and methylbenzene (toluene, C¢HsCHz) (201). DMA of
OTP in mesoporous confined systems revealed a downshift in Ty upon
decreasing the pore size, in very good agreement with previously published
reports (135, 136, 140, 174). Using a different method, NMR, showed that toluene
exhibits a strong (37 K) upshift in mesoporous confinement (in 2.4 nm pores),
presumably due to a strong interaction between its molecules and the surface
(139). A qualitatively similar, but less strong upshift, was recently detected by
DMA for toluene in nanoporous Gelsil and Vycor silica glass matrices (201). A
comparable non-monotonic variation in T; and consistent variations in
molecular dynamics were also reported for other glass-forming liquids, including
glycerol (136), benzene (139), polypropylene-glycol (134), methanol (202), and
m-toluidine (203).

However, it is worth mentioning that the behaviour of a given material
was found to depend substantially on the experimental conditions (or on the
molecular dynamics simulation conditions) - i.e., under different conditions, T,
was observed to increase, decrease, remain constant, or even to disappear (136,
139, 140, 193, 194, 204, 205). Taking into account the very large number of
experiments that were performed in the field, this testifies to the complexity of
the issue at hand and reveals why a coherent and consistent interpretation of the

obtained experimental data is not at all simple (203). Whereas numerous
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confinement experiments indicate a reduction of Ty as the pore size decreases
(96, 161, 206, 207), as mentioned above, and in many cases with T changing
inversely proportional to the pore diameter as first described in materials with a
low molecular weight (135), reaching a conclusion on the growing cooperative
length is not straightforward, given the various interfering, complicating
mechanisms (203). Some effects that influence the dynamics vary with the
physical or chemical properties of the confining material, which explains why the
dynamics was found to slow down in confining media, as the “hard wall” can
strongly hinder some of the molecules (198, 203). This is also seen in simulation
studies, which reveal a slowing down of the relaxation dynamics by several
orders of magnitude in the vicinity of a “rough wall” and the opposite effect, of
dynamics speeding up when the pore wall is “smooth” (142, 202, 208). Molecular
motions are also known to be slowed down appreciably because of adsorption
effects at the walls (209-211). Despite these and other complicating factors (212),
however, support for the inherent length scale and for the growing length scale
upon lowering the temperature towards Ty is also provided by both
experimental approaches - using techniques such as differential scanning
calorimetry (DSC) (7) or multidimensional NMR (32) - and molecular dynamics
simulations (141, 165, 213).

For our DMA analysis of salol confined into matrices of Gelsil and Vycor,
the pores in the respective matrices were used uncoated or untreated (which are
also known as “natural pores”) (19, 84). An obvious extension of our work
involves studying the behaviour of the same glass-forming material, salol, filled
into mesoporous Gelsil and Vycor matrices with silanated pore surfaces (81, 96).
These experiments were also performed using various pore sizes (between 2.4
and 7. 5 nm, similar to those used by us (84)), over a frequency range of 1 - 100
Hz. Compared to the original results, in this case silanation causes a complete
removal of liquid-surface interactions, and consequently of surface-induced
retardation of the molecular dynamics, and therefore produces a distinct
enhancement, i.e. acceleration, of the dynamics. Moreover, under these
conditions Tg decreases even more strongly with decreasing pore size, due to
this lubrication effect, and consequently due to removing the surface-induced

slowing down of molecular dynamics. Remarkably, these results enable one to
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distinguish between the side effects on the molecular dynamics, such as negative
pressure and surface bondings, and the actual confinement effect, and to
quantify these effects separately.

As discussed in the previous section, we detected two different glass
transitions for salol confined in Gelsil and Vycor with pores larger than 5 nm in
size, attributed respectively to a core (pore center, with bulk-like behaviour)
contribution and to a surface contribution (84). In many other systems two glass
transitions have been reported under confinement (150, 161, 214, 215). The
transition with the lower T; corresponds to the core regions, whereas the
transition with the higher Ty corresponds to the regions near the pore surface,
where the mobility is restricted by surface interactions. Interestingly, one finds
the reverse geometrical case when investigating the dynamic elastic response in
polyurea (a spontaneously occurring polymer-nanoparticle composite) when the
volume fraction of the so-called hard nanodomains is small enough (< 12%).
This happens because, in this case, these elastically hard nanodomains
(microphase segregated hard segments) are embedded in the elastically
compliant matrix (3). Such polymer-nanoparticle composites have also been
reported to exhibit two different glass transitions (216). For microphase
segregated polyurea networks, the transition with the lower Ty is thought to
occur in the soft matrix, whereas the transition with the higher T; at the interface
between this matrix and the hard nanodomains (3). Since, as mentioned above,
silanation removes liquid-surface interactions, the possible transition in the shell
layer disappears, and only one glass transition process is observed (81, 96). This
could indicate that the interactions at the surface of the pore are reduced by
silanation, e.g. formation of hydrogen bonds (102), as seen in the case of
diglycidyl ether of bisphenol A, an epoxy resin, filled into silica glasses with
controlled pores with diameters in the range of 4 - 111 nm (212).

[t is common to describe the behaviour of a pore-confined fluid using two
components, a slower one and a faster one; this was applied to polymers (217),
as well as other small molecules confined in silicon- or silica-based matrices (126,
209, 218-221). This translates into a thermodynamic partitioning of the
condensate between a bulk, or core, phase component and a film-condensed

component, the shell phase, characterized by strong interactions with the walls
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of the pore - and a corresponding partitioning of the mobility (222). However,
this approach has been criticized as possibly too simplistic, given that even for
small molecules the interaction potentials decay gradually with the distance
between the respective molecule and the walls of the pore, thus suggesting a
gradient in the molecular mobility over the distance between the wall and the
center of the pore, rather than two distinct values (202, 222). Consequently, this
would argue against the widespread method of separating the molecular
mobility into a shell and a pure core molecular mobility, i.e. the so-called “two-
state” or "two-layer” model (84, 150, 223-225). An alternative model was
proposed based on the behaviour of salol confined in native sol-gel glasses (22,
161). This model assumes a dynamic exchange between molecules attracted to
the walls of the pores and the core molecules affecting the overall dynamics of
the confined molecules. Last, but not least, a “three-layer” model was proposed
last year, based on results from calorimetric experiments in which three
different glass transitions were detected in the poly(methyl methacrylate)
polymer confined in nanopores (226).

Beside the porous media mentioned thus far (such as silica-based Gelsil
and Vycor, and polyurea), a wide range of nanoporous materials have been used
to study the behaviour of confined fluids and solids (222); these materials can be
based on silicon (227-232), alumina (233-235), carbon (236, 237), gold (238, 239),
or titanium (240, 241).

Most recently, the molecular dynamics, glass transitions, and
crystallization kinetics of salol in confinement in porous uniaxial anodic alumina
oxide membranes (AAO membranes) have been studied using dielectric
spectroscopy and DSC (105, 242). These techniques revealed that upon
increasing the geometrical confinement, T shifts toward lower values, while the
structural relaxation shape broadens (105). As discussed above, these changes
were attributed to the difference in molecular dynamics between the salol
molecules located at the pore walls and the molecules in the center of the pore.
Moreover, it was hypothesized that variations of the packing density of
molecules located in the center of the pore contribute to a supplementary
confinement effect, thus enhancing the structural relaxation dynamics (105).

This is supported by previous results showing that substantial differences in
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both the structural relaxation and Ty can be induced by only a slight variation in
the packing density within the pores (174, 243).

During the studies on the glass transition of salol confined in AAO
membranes (105), the authors noticed that this glass-forming liquid undergoes a
crystallization process at lower cooling rates, leading them to investigate the
kinetics of crystallization and melting behaviour of salol (242). Their findings
show that the kinetics of crystallization is dependent upon the degree of
confinement, i.e. upon the pore diameter, and moreover as the pore size is
reduced (e.g., to 13 nm), crystallization can even be completely suppressed. A
result reminiscent of our findings on the dependence of T; upon pore size (84)
revealed that as the pore diameter is reduced, the melting point shifts towards
lower temperatures (242). Similar studies, performed on confined benzene,
confirm that on this scale crystallization is a complicated process, not unlike the
glass transition. These studies concluded that the pore geometry also determines
the crystallization process: the melting point occurs at a significantly lower size
in slit pores than in cylindrical pores (139, 244). The energy related to salol
nucleation and crystal growth, as well as the orientation of the crystals all vary
with the pore diameter (242, 245). This reflects either a difference in the
tendency for crystal growth under confinement, or the interaction between guest
molecules and the host matrix being involved in the development of a negative
pressure (242). The impact of the negative pressure on the measured T; and on
the molecular dynamics was also assessed in confined salol (174). Interestingly,
while the negative pressure is important in regulating the dynamics of confined
salol in AAO membranes, its influence on the crystallization process of confined

salol is negligible (105, 242, 246).
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Chapter 6

6. CONCLUSIONS

The present thesis begins by defining the glass transition and its
characteristic temperature, T, after which it introduces a number of techniques
that have been employed to measure this parameter. The second chapter
presents our method of choice to perform elasticity measurements through
oscillatory experiments, dynamic mechanical analysis (DMA), as well as the
instrument used to carry out these experiments, the Perkin Elmer series 7
dynamic mechanical analyser. Porous glasses employed in our experimental
work (Vycor 7930 and Gelsil) are also described in this chapter alongside salol
(phenyl salicylate), the low molecular weight glass-forming liquid that we
investigated. The sample preparation for our experiments is also presented in
detail herein.

The third chapter of this thesis includes our published work on the
heterogeneous relaxation dynamics of nanoconfined salol probed by DMA. Our
low-frequency measurements of the elastic susceptibility of salol confined to
Vycor glass demonstrate that the dynamic elastic response of salol allows the
separation of surface-induced slowing-down of the molecular dynamics and
confinement-induced acceleration effects.

The fourth chapter focuses on our published results describing
confinement effects on glass forming liquids probed by DMA, including the
negative pressure effects that are present, but quantitatively less important than
the suppression of the cooperative motion, which is the main effect of
confinement to porous Vycor and Gelsil.

Finally, the fifth chapter constitutes a review of an array of subsequent
applications and extensions of this work, including the study of other glass-
forming liquids, the use of other nanoporous materials in similar studies, the use
of mesoporous Gelsil and Vycor matrices with silanated pore surfaces, as well as
various models to analyze such experimental data, and alternative experimental

techniques.
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Our first series of measurements demonstrates that DMA constitutes a
very sensitive method to test the dynamic behaviour of glass-forming liquids in
confined systems. This technique allows one to investigate if there is an
“intrinsic” confinement or size effect that is compensated by surface effects. The
results of our studies on salol indicate that for decreasing pore radius, the
second anomaly in the loss modulus becomes more pronounced, and as such it
makes it easier to distinguish confinement and surface effects for pore sizes that
approach the correlation length, i.e. the size of the “cooperatively rearranging
regions” within the material.

Our second series of measurements used DMA to assess the glass
transition of salol confined to porous matrices of Vycor and Gelsil with pore sizes
between 2.6 and 7.5 nm. We showed that our dynamic complex elastic
susceptibility data can be fitted well assuming two types of dynamic processes, a
"bulk" relaxation in the core of the pores and a radially increasing "surface
relaxation” of molecules in the vicinity of the pore surface. The core relaxation
time decreases with decreasing pore radius, and the confinement-induced
acceleration of dynamics causes a shift of T, inversely proportional to the pore
radius. We also used measurements of the sample height with filling (adsorption
swelling) and thermal expansion to calculate the effect of "negative pressure”
due to thermal mismatch between the porous host matrix and the glass-forming
liquid. Such negative pressure could explain at least in part a shift of T, in
confined glass-forming liquids. We showed that in the case of salol this effect
could only describe up to 30% of the observed downshift of T,. Consequently, we
believe that the main cause for the T, shift is a confinement-induced hindering of
cooperativity.

The size dependence of the downshift of T, is assumed to increase with
increasing fragility. Indeed, our experiments confirm this correlation, and we
presume that the main effect of the confinement is to suppress cooperative
motion. Consequently, negative pressure effects, while always present, do not

have a major contribution to the T, shift in confinement.
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