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1. Introduction

The whole is greater than the
sum of its parts

Aristotle

Composite systems are becoming increasingly important in today’s world.
Such materials, especially when combined with nanostructures, can open up
new levels of smart functionalities only seen in the composite. Nanoporous
glasses in combination with glass forming resins are investigated as both
components are ideal for the investigation of composites.

The development of nanoporous structures in the laboratory by C. Kresge,
R. Ryoo and G. Stucky [1, 2, 3] is an important milestone in science as
evidenced by its inclusion on the list of Nobel prize predictions for 2014
compiled by Sciencewatch [4]. Porous materials with nanometer sized pores
with their large internal surface areas can be used to study confinement and
adsorption effects (amongst others) and be employed in a large variety of
industrial applications as catalysts, bio-sensors or molecular sieves.

Glass formers are omnipresent in nature and industrial applications whilst
not being fully understood. This is nicely summarized by the following quote
by the Nobel prize winner P.W. Anderson who said that ”the deepest and
most interesting unsolved problem in solid state physics is probably the theory
of the nature of glass and the glass transition.[5]”

At high temperatures glass forming materials are in thermodynamic equi-
librium, but as thermodynamic variables like the temperature or pressure are
changed, their viscosity increases dramatically (i.e. the molecular structural
rearrangements are increasingly impeded). The formed glass is amorphous
without any long-range order though with solid-like mechanical properties.
A qualitative description of the behavior at the glass transition is given by
the notion of a characteristic length scale of subsystems of molecules which
are clusters of particles that can relax collectively [6]. However this length
scale can be difficult to determine experimentally.
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6 Chapter 1. Introduction

One way to learn more about glass formers is to study the effect of con-
fining them to small pores. As the confinement dimensions come within the
range of the characteristic length scale, the glass transition can be hindered.
However other effects in confinement such as the surface interactions need to
be considered in the determination of the effect of the finite size.

The behavior of liquids in the pores is also interesting as the diffusion
through the pores offers insight into liquid transport phenomena on very
small scales [7, 8, 9, 10] besides the macroscopic inuence of the components
on the composite [11, 12, 13, 14].

This work discusses the above phenomena in addition to the the temper-
ature dependence of the flow of a glass former through the pores, probing
the influence of the restricting geometry on the dynamics of the liquid which
result from the changes in structure and molecular mobility.

In this thesis the investigated composite is made up of controlled pore
glasses with a network of interconnected nanometer sized pores filled with the
low molecular weight oligomer Diglycidyl Ether of Bisphenol A (DGEBA).
The pore size and the chemical properties of the surface of the pores are varied
to gain insight into the physics of the flow through the pores and the glass
transition of confined DGEBA. The principal experimental techniques used
to investigate the system are thermomechanical analysis (TMA), differential
scanning calorimetry (DSC) and broadband dielectric spectroscopy.

After a short introduction into the theoretical and experimental back-
ground regarding fluids in porous systems, the glass transition and the possi-
ble dynamics in confinement, the materials and experimental methods used
are set-out. The results of the characterization of the components are pre-
sented in chapter 4. Chapter 5 reports on the findings from the TMA mea-
surements of the macroscopic thermal expansion of the pg/DGEBA system.
The observation of a freezing of the flow through the pores is discussed for the
first time. Additionally a core-shell model for the molecules in the untreated
pores is presented. In chapter 6 the specific heat capacity of the confined
DGEBA is analyzed. It will be shown that the glass transition in untreated
pores is increasingly influenced by the surface interactions as the pore size
is decreased. Surface treatment with an estimate of the characteristic length
scale involved in the glass transition. The next chapter compares the results
from TMA and DSC to be able to complete the picture of the complex be-
havior exhibited by the system. This is followed by the investigation of the
glass transition over a large range of frequencies.

Finally the results presented in this thesis are briefly summarized in the
context of their interpretation and the findings from ongoing research into
confined glass formers.



2. Theoretical and
experimental background

2.1 Liquids in pores

When nanoporous glass made up of a network of interconnected pores comes
into contact with a wetting liquid, a large capillary pressure pLaplace acts on
the fluid sucking it into the pores. The pores deform due to the difference
between the gas pressure of the capillary condensation p0 and the much higher
vapor pressure at saturation p, as described by the Kelvin equation:

ln(p/p0) = (VM/RT ) · pLaplace (2.1)

pLaplace =
2σcos(Θ)

r
(2.2)

with molar volume VM , gas constant R, surface tension of the fluid σ, contact
angle between the liquid and the pore surface Θ and pore radius r. First
a single molecule layer wets the pores followed by the bulk in a meniscal
form. This was shown by Huber et al for water in porous glasses [9] and is
analoguous to adsorption of gas molecules in pores. The subsequent uptake
of the fluid increases monotonically and follows the

√
t Lucas-Washburn Law

[15, 16] (calculated from Hagen-Poiseuille flow), depending on the surface
tension, viscosity and density of the fluid and the contact angle to the pores.
Gravitational forces can be neglected in this calculation compared to the
Laplace pressure in nanometer pores.

The deformation of porous structures is known as the Bangham effect
with the interfacial energy lowered by the adsorption of a liquid at the pore
walls [11, 17]. The negative Laplace pressure would then cause an expansion
of the structure following the spontaneous imbibition of a fluid. Further
expansion follows till the pressure equilibrates and the pores are filled. When
this happens and the flow of the liquid through the glass is uninhibited, the
liquid does not deform the pores anymore. However one has to take into
account that especially for high surface interactions between the pores and

7
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the filler, there is an immobile adsorbed layer of liquid present at the pore
walls, which additionally influence the deformation.

Information about the adsorption and flow of a fluid in pores and the
deformation of the pores can be obtained by simply measuring the mass
uptake [18], from x-ray [19] and neutron scattering investigations [14, 20]
and mechanical analysis by DMA [21, 22, 23].

2.2 Glass formers

This section gives a short introduction into the phenomena of materials that
can transition into a glassy state. Glass forming materials exhibit a freezing
of the molecular dynamics without the characteristic long range order of
christallization when external parameters such as pressure, temperature or
shear stress are varied. In this state the glasses are amorphous.

Most glass formers are either structural or ideal glass formers. The former
need to be supercooled below the crystallization temperature becoming glassy
at about Tg = 2

3
Tm. Their entropy is higher than in the crystalline state i.e.

the glass state is not in equilibrium. Ideal glass formers do not crystallize
and therefore the glass state could be described as their solid-like state.

Due to the lack of long range order and therefore structural character-
ization in the amorphous glass, the nature of this state and transition are
still up to debate. This problem is complicated by the fact that at the glass
transition time-dependent phenomena such as relaxations superimpose the
changes of thermodynamic quantities such as entropy, density or thermal
expansion. It is therefore unclear wether it is a phase transition or just a
dynamic phenomenon. Additionally there are many different materials which
can become glass-like, from the small water molecule to large proteins with
significally differing other properties which makes it difficult to find common
explanations.

The glass transition is evident in changes in many different physical prop-
erties such as the heat capacity, thermal expansion or density or in the ob-
servations of the dramatic increase of the viscosity and structural relaxation
rates. It is therefore difficult to define the actual transition temperature
as the glass transition is strongly dependent on the thermal history and
the experimental method complicating the correlation of the glass transition
temperatures observed in different physical quantities. In the specific heat
capacity for example a step between the glassy and the liquid-like regime is
observed experimentally, while in the thermal expansion or the density there
is a kink in the slope of the curves seen at the glass transition. One also
has to separate the dynamic, i.e. frequency dependent relaxation from the
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thermal glass transition driven by kinetics as these can differ considerably.
Due to the problems outlined above, through decades of research into the

mechanisms underlying the glass transition with many different proposed
theories, the question of its nature is still not clearly solved.

However the most common ideas and approaches are shortly introduced
here starting with the concept of the cooperative rearranging regions by G.
Adam and J.H. Gibbs. This concept was extended in the notion of dynamical
heterogeneities by Donth et al [24].

Cooperative Rearranging Regions (CRR)

Adam and Gibbs [6] proposed a molecular kinetic theory of cooperative re-
arranging regions where a subset of molecules can rearrange independently
upon large enough energy fluctuations. Fragile glass formers show a non-
Arrhenius behavior for the dielectric relaxations of glass formers near Tg.
Gibbs et al therefore postulated that the increase in relaxation times is pro-
portional to an increase of cooperativity of the molecular reorientations, i.e. a
decrease in the number of possible configurations [25]. This means that more
and more molecules have to behave cooperatively. The subsets/cooperative
rearranging regions are then the smallest regions that can undergo a transi-
tion to a new configuration without influencing other regions at or outside
their boundary.

These CRR’s are negligibly small at temperatures >> Tg and become
larger as the transition region is approached with decreasing temperature.
As their size ξ increases near Tg the reorientational mobility of each molecule
implies the cooperative motion of more molecular neighbours which means
the time needed for the reorientation increases more and more. Therefore
the relaxation time τ increases dramatically till at a temperature T0 the
entropy S0 with only a few or even 1 available configuration for the glass
former meaning the whole sample or a macroscopic part is included in the
cooperative rearranging region.

Quantitatively, the curvature of the Arrhenius plot of the α-relaxation
determined from the empirical William-Landels-Ferry fit is related by Gibbs
et al [6] to the configurational entropy of the system Sc for the relaxation
times τ :

τ = τ0exp

[
C

TSC

]
, SC → 0⇒ τ → 0 (2.3)

with C as a material specific constant. The characteristic length scale of
the CRR can then be determined from the proportionality of the number of
particles in a CRR to the configurational entropy N ≈ S−1c :

ξ = 2αS−1/3c (2.4)
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with the material specific parameter α. The resulting values give a lower
limit for the size of the cooperative rearranging regions.

Dynamical Heterogeneities

Donth et al treated the notion of a characteristic length scale using the
concept of independently fluctuating subsystems [24]. He extended the idea
of CRRs for a kinetic view of the glass transition by evaluating the entropy
of a smallest possible subset of molecules which is still representative of the
whole system. The resulting size of the cooperative region is usually larger
than the one calculated using the Adam-Gibbs method as it also includes
an immobile part which causes the kinetic glass transition. This is because
of the dynamical heterogeneities present in the cooled state where, on short
time-scales, the reorientational mobility of each molecule is different from all
neighbouring molecules. Compared to the dynamically homogeneous nature
at high temperatures the mobility is similar only on long time-scales.

The characteristic size of these dynamical heterogeneites is difficult both
from simulations and from experiments due to the long time-scales of the
relaxations near the glass transition. Using the von Laue-Landau fluctuation
approach, Donth relates the entropy fluctuations due to the temperature
fluctuations:

¯δT 2 =
kBT

2

CV
(2.5)

to the heat capacity contribution of the dynamic glass transition ∆cp:

¯δS2 = kBCp (2.6)

using the smallest volume Vs of subset of molecules that can represent the
whole system, and ¯δT 2 the corresponding temperature fluctuations in this
subsystem. This results in an equation for this volume as

Vs = kBT
2∆(1/cp)

ρ(δT )2
, (2.7)

with the step height ∆( 1
cp

) = ( 1
cp

)glass − ( 1
cp

)liquid.

The differences in the constant volume and constant pressure heat ca-
pacity cv to cp are neglected in this calculation. All quantities needed can
be accessed using temperature modulated differential scanning calorimetry
though the width of the temperature fluctuations ¯δT 2 needs to be corrected
to the frequency dompain compared to the measured temperature domain of
the dynamic glass transition according to K. Schröter [26].
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2.3 Dynamics in Confinement

First experiments done by Jackson et al [27] on crystallizing molecules showed
a decrease in melting temperature which was even suppressed in sufficiently
small pores. The study of glass forming materials in confinement was un-
dertaken as it was proposed as a way to confirm the idea of CRR’s and
determine their size ξ when molecules are confined on a length scale in the
range of ξ [28]. In the latter case size effects around the glass transition tem-
perature should appear when ξ is close to the size of the confinement. All
the molecules in the confined space are involved in the dynamics and would
therefore relax faster than in the bulk. This implies that the glass transition
would be decreased compared to the bulk. Additionally the type of confine-
ment should not influence the possible results for ξ as this is a property of
the glass former.

Initial studies done by Mckenna et al [29] with differential scanning calorime-
try (DSC) on salol in controlled pore glasses seemed to confirm this idea and
proposed a formula for the decrease in Tg, (∆Tg), as proportional to the
inverse pore diameter (1/d). However further studies with DSC, dielectric
spectroscopy, neutron scattering or solvation dynamics (amongst others) in
the last 20 or so years have shown that the picture of dynamics in confinement
is far more diverse, for reviews see [30, 31, 32, 33].

Especially where thin films are employed for a 1-Dimensional confine-
ment, there have been very conflicting results published from large decreases
to large increases or even no effect on the glass transition. Several have pos-
tulated that this range of results is solely due to the manner of preparation of
the samples, especially cleanliness and sample environment with no effect of
the actual confinement. The molecular dynamics in the films are also largely
dependent on wether the film is in contact with a surface on one or both
sides of the thin film or is freestanding [34].

3-Dimensional confinement such as droplets in rubber or in hard spheres
[35, 36] resulted in quite large decreases in glass transition temperatures.
These consisted an easier system for the evaluation of dielectric spectroscopy
results as the insulating matrix resulted in no dc-conductivity contribution
at low frequencies so that the whole frequency range accessible could be
analyzed.

For the confinement in porous systems such as porous glasses (with ran-
domly or uniformly oriented channels), amounting to a 2-dimensional con-
finement, a depression in transition temperature was usually observed to a
slightly smaller degree compared to 3-dimensional systems. There have, how-
ever also been results published with an increase in Tg or even two separate
glass transitions as seen in [37].
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Comparing the available literature one has come to the conclusion that in
addition to size limitation effects, surface effects due to the interactions be-
tween glass-former and confining material need to be considered. These could
be due to H-bonding and/or van der Waals forces. Especially for hydrophilic
surfaces of the confining material, most investigations showed direct or in-
direct evidence of a significantly slowed or even immobilized surface layer.
This means that the amount of actual material which can still be part of the
collective motion is assumed to be less than the confinement size [38].

The surface layer could be distinguished for the droplets clearly in di-
electric spectroscopy measurements [35], and is also seen as a reason for the
conflicting results in thin films. As the confinement in only 1 dimension
would be expected to have less of an effect on the glass former, other mech-
anisms such as through the surface layer might be so large as to hinder the
cooperative motion much more strongly than expected leading to a total or
even over-compensation of the expected confinement reduction of Tg .

The dynamic exchange between this interfacial phase and the inner bulk-
like material [39] would also explain increases in glass transition temperature
and further glass transitions observed in porous systems. The strength of
the surface interactions generally depends not only on the hydrophilicity but
also on the type of filler molecules (polar vs. nonpolar, OH-groups which
can bond to the surface; liquids, polymers or liquid crystals) and on the
morphology of the surface walls. Attractive surfaces would lead to thicker
surface layers which, depending on the properties of the filler, would have a
lower mobility [40, 41].

The dielectric spectroscopy results by the group of Kremer for various
glass formers in random and oriented PG even showed evidence for three
regions with a completely immobilized layer right at the surface, an interfacial
part with reduced mobility and the liquid-like main part [33, 42, 39]. The
third layer would not necessarily be seen using other methods as the two parts
of the composite impact the total measurement result differently depending
on the measurement method (in differential scanning calorimetry the two
components are measured in parallel while in dielectric spectroscopy they
are measured more in series).

Zheng et al amongst others suggested that the negative pressure between
the glass former and confiner (due to the mismatch in thermal expansion
coefficients between the two) would explain the depression of the glass tran-
sition temperatures [43]. However already in the initial results from Mckenna
et al, they estimated that the negative pressure present in the pores is far
too small near the glass transition to cause the observed changes in Tg. This
was confirmed by investigations by Simon et al [44] and Koppensteiner et
al [45] showing that, though the negative pressure is measurable, the iso-
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choric conditions would have to be imposed at much higher temperatures
than observed to cause a depression in Tg.

Changes in the molecular motion might also be attributed to reductions
in the density of the confined material due to the size limitation. Changes in
density were measured for confined tolene with neutron diffraction with lower
densities than in the bulk for both native and silanized surfaces [40, 20]. This
means that in pores even if an initial reduction in Tg is observed, when the
values were corrected for the density, Tg is usually higher than in the bulk.

Further the confined glass transition region is usually broadened com-
pared to the bulk due to the wider distribution of relaxation rates [29, 36,
46, 47, 39, 42].

If all the mechanisms such as finite size and surface effects involved can
be quantitavely identified and separated from each other, a notion of the
cooperativity length can be established. Varying results have been published
between 1 − 3nm up to 12nm [48, 26]. These values are however strongly
dependent on the method and calculations used.
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3. Materials and Methods

3.1 Materials

3.1.1 Diglycidyl Ether of Bisphenol A (DGEBA)

Figure 3.1: The DGEBA molecule C21H24O4

In the present PhD project the glass former Di-Glycidyl Ether of Bisphe-
nol A (DGEBA) was investigated in confinement. It is a low molecular
weight oligomer with an almost ideal glass transition. The DGEBA variant
used here is D.E.R. 331 from Dow Chemicals which is a product of epichloro-
hydrin and bisphenol A [49]. This epoxy resin is commonly used as a resin
for applications such as adhesives and coatings. It is easily polymerized using
curing agents such as Diethylenetriamine (DETA).

Generally, the molecular weightMn of DGEBA is dependent on the degree
of polymerization n = 0.15 of its molecular chain:

Mn = (340 + 248 · n) g/mol

For D331 this results in a molecular weight of about 374 g/mol according to
the manufacturer’s specifications. The individual chains are therefore quite
short, around 3nm in length.

3.1.2 Porous glass

Porous materials such as porous glasses consist of a network of interconnected
channels out of silica glass (please refer to [50] for a review about porous
glasses). Pore sizes smaller than 2nm are known as micropores, up to 50nm

15



16 Chapter 3. Materials and Methods

they are commonally described as mesoporous or nanoporous while larger
pores are macropores. The porous network is very rigid with a very small
thermal expansion in the range of quartz glass.

Due to their large internal surface areas (up to 1000 m2/g) Porous glasses
have many uses as molecular sieves in chromatography of materials like poly-
mers and proteins, as substrates for the sequential analysis and synthesis of
DNA, as catalysators, as detectors (for example Tscherenkow detectors) or
for nuclear waste immobilization.

Materials with an internal porous structure can occur naturally (e. g.
zeolites with very small pores are useful for trapping water or oil) or can be
manufactured by different processes such as spinodal decomposition or via
the sol-gel transition. Different shapes of porous glass or porous glass powder
are available with pore channels or pores with controlled sizes.

Spinodal decomposition includes a metastable phase separation in borosil-
icate glasses which is then followed by the acid leaching of the soluble sodium
borate-rich phase, first observed by W.E.S.T̃urner et al [51]. The result-
ing porous structure is consolidated by drying at very high temperatures
(1200 ◦C). Both the process and the product are known as VYCOR, Corn-
ing’s brand name for porous glass. Vycor typically has a low porosity (volume
of the pores compared to the total volume) of around 30% and a narrow pore
size distribution. The structure of Vycor was fully characterized by Levitz
et al [52]. In the present thesis we used circular disks (diameter: 5 mm;
thickness: 1-2 mm) of Vycor 7930 with a typical pore diameter of 4 nm.
Further samples with pore sizes between 44 and 111nm were provided by Vi-
trabio who manufactured the porous glass using their own patented process
Trisoplac based on the Vycor process [53].

In the sol-gel process, the parameters (such as the type of precursor and
ratio of the precursor to water, or the gelation and drying temperatures) can
be varied extensively thereby controlling pore size and pore size distribution.
The precursor sol such as tetraethyl orthosilicate (TEOS) becomes a gel
with a liquid and solid phase. Removing the liquid phase leaves a network
of silica spheres attached to each other with the voids as pores. This usually
results in a larger pore size distribution than for the Vycor glass. Sol-gel
samples with pore diameters varying between 2.5 and 20nm were obtained
from Angstrompore. The samples were available as circular discs with a
diameter of about 10mm and around 3-4mm thick.

Generally porous glasses are very sensitive to fluctuations in tempera-
ture. If they are heated/cooled too quickly, microcracks appear in the glass
breaking up the internal porous structure. Therefore samples were handled
with care during all steps: heating/cooling rates were generally chosen much
smaller than 5K/min.
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3.1.3 Sample preparation

The various porous glass samples are first cleaned before any modifications
or filling. They are very slowly heated under vacuum of < 10−5 mbar up to
150 ◦C and kept at this temperature for at least 24 hours. Older samples, es-
pecially if left in air, started to appear brown due to organic material trapped
inside . trapped inside the pores. Before using them for investigation, they
had first to be rinsed in H2O2 and then to be heated under vacuum.

Silanization

The surfaces of the pore walls in silica porous glass are inherently hydrophilic
due to the presence of hydroxyl groups on the surface. When filling the
pores, this can lead to strong interactions between the filler and the pores.
To hinder the hydrogen bonds forming between the filler molecules and the
pore surfaces, the latter can be functionalized. This surface modification
is done by grafting a silanizing agent onto the hydroxyl groups at the pore
surfaces. Depending on the chemical properties of the agent, silanization can
reduce the hydrophilic character of the surface.

Figure 3.2: Schematic of the HMDS molecule attaching like an um-
brella to the OH groups at the pore surfaces.

Hexamethyldisilizane (HMDS, molecular formula C6H19NSi2) is used as
the silanizing agent in many studies on porous glasses as it is a small molecule
greatly enhancing hydrophobicity (see for example [47, 54, 21]). Small-sized
silanes are used, so that the original pore diameters are not substantially
reduced by the coating process. This is important to ensure comparability
between the analysis of native (untreated) filled pores and silanized filled
pores.

The silane atoms form hydrogen bonds with the OH-groups at the silica
walls. Even if not all OH-groups bond with the silane, the umbrella-like
shape of the HMDS molecule (shown in figure 3.2) means that neighbouring
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OH-groups could be covered meaning a full layer of trimethylsilyl Si-(CH3)3
groups is present on the pore surface as a result of the grafting. To achieve
the actual silanization, the cleaned porous glasses are completely immerged
into the HMDS liquid under a closed hood for 24 hours at 55 ◦C. Finally, to
get rid of un-reacted silane molecules, the porous glass samples are steamed
with Choloroform for another 24 hours and cleaned (procedure according to
G.Blum et al [55]).

Filling

The samples are filled with DGEBA in a vacuum chamber. This chamber is
heated to 80 degC and set under a vacuum of < 10−5 mbar. The DGEBA
is introduced into the chamber via a syringe. For glasses with large pores
a high filling fraction can be achieved within 24 hours; several months are
needed to fill the glasses with the smallest pores.

The filling fraction f is defined as the ratio of the volume of pores filled
with DGEBA to the total volume of pores. Using the porosity φ = Vpores·ρPG,
where ρPG represents the mass density of the porous glass sample and Vpores
the volume of the pores, the filling fraction is obtained as

f =
mfiller/ρfiller
mPG · φ/ρPG

(3.1)

with the masses of the porous glass mPG and of the DGEBA filled into
the pores mfiller, and the densities of the porous glass ρPG and of DGEBA
ρfiller.

3.2 Methods

3.2.1 Nitrogen adsorption/desorption

The surface and internal structure of porous glasses can be evaluated by
measuring the adsorption and desorption isotherms of a gas in the samples. A
comprehensive review of this technique can be found in the book by S.L̃owell
et al [56]. The following section gives a short overview.

A controlled amount of a gas such as Nitrogen, Helium or Argon is intro-
duced into a bulb containing the sample. The gas pressure P -relative to the
pressure in an empty reference bulb P0 - diminishes as gas molecules are ad-
sorbed onto the surface of the adsorbent till it reaches a dynamic equilibrium
value i.e. a constant relative pressure. The amount of adsorbed gas can then
be calculated from the difference in the gas pressure. By successively adding
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Figure 3.3: Nitrogen adsorption (red line) and desorption (blue line)
isotherms for a Vycor porous glass. The volume of adsorbed gas is
normalized for STP conditions. The points used for the analysis of
the surface area are marked BET and are shown in the inset plotted
for 1

[W ((P/P0)−1)] .

more gas molecules into the bulb, a series of relative pressures P/P0 between
0 and 1 at a constant temperature (77K, i.e. the boiling temperature of ni-
trogen) make up the adsorption isotherm. By lowering the relative pressure
in steps, the volume of adsorbent is diminished and the amount of removed
gas can be measured, resulting in a corresponding desorption isotherm.

The general shape of the isotherm can reveal the type of material such
as porous vs. non-porous [57] while the shape of the hysteresis between the
adsorption and desorption curves indicates the type of pores (cylindrical,
slit-shaped, spherical, different wedge shapes, ink-bottle-shaped) [58].

Surface area by BET Analysis

Brunauer, Emmett and Taylor (BET) [59] extended Langmuir’s ideas [60]
for the calculation of the surface area S of a material when a single layer of
molecules is adsorbed. They took into account that adsorbates do not form
single layers of molecules onto the adsorbate but that in some areas there
might be several molecules layered while in other places a first layer might
not yet have formed, see figure 3.4 for clarification. Langmuir’s equation for
a single layer:

W

Wm

=
C · (P/P0)

1 + C · (P/P0)
(3.2)
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Figure 3.4: Demonstration of possible adhesion of molecules onto a
surface, showing that some places on the surface might already be
covered in several layers while no molecules have yet adhered to other
points on the surface necessitating the multilayer BET formula for the
surface area compared to Langmuir’s equation.

therefore needed to be developed for multi-layer adsorption:

1

W ((P/P0)− 1)
=

1

WmC
+
C − 1

WmC

P

P0

(3.3)

with W representing the weight of the gas adsorbed at P/P0 and Wm the
weight of a monolayer of the adsorbate (covering the whole surface). C
is a constant yielded by the adsorption and desorption rate equations at
equilibrium indicating the magnitude of the adsorbate/adsorbent interaction.

In the plot of 1
[W ((P/P0)−1)] against the relative pressure for several values

of P/P0 (the linear regime is chosen here between 0.05 and 0.35) of the
adsorption isotherm (see the inset marked BET in figure 3.3), the slope s
and intercept i can be evaluated:

s =
C − 1

WmC
, i =

1

WmC
(3.4)

leading to an expression for Wm = 1/(s+ i).
The surface area S per gram of porous glass can then be calculated using

the molecular cross-sectional area σgas of the adsorbate, its molecular weight
M , the Avogadro number NA and the actual sample weight w:

S =
Wm ·NA · σ
M · w

(3.5)

In our experiments nitrogen is used as the adsorbate gas as its size is well
defined, it is inert and additionally easily available and practical to handle.

Porosity

Other parameters describing a porous material like the porosity can be deter-
mined by looking at higher values of P/P0 in the adsorption and the desorp-
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tion curve. First, the total pore volume Vpores is determined from the amount
of vapor adsorbed at a value of P/P0 just below 1 assuming the pores are
filled with liquid. However, this value can be problematic for smaller pores
as the actually accessible pore volume (due to blocked pores) is usually less.
Audonnet et al therefore recommended the use of the porous volume mea-
sured at the end of capillary condensation as this value stands for the actual
volume which can be filled with the adsorbate [20]. The porosity φ can then
be calculated using the specific density of the porous glasses: φ = Vpores ·ρPG.

The average pore size for cylindrical pores is proportional to 2 · Vpores/S.
For the pore size distribution analysis, the desorption isotherm is usually
better suited. This is due to the lower P/P0 values for the same adsorbent
volumes, meaning one is closer to equlibrium (as seen in the nitrogen adsorp-
tion/desorption curves in figure 3.3). Classical macroscopic theories such as
that developed by Barrett, Joyner and Hallenda (BJH theory) [61] look at
the stepwise change in adsorbed gas volume to calculate the pore radii for
each step (rp = rc + ti, with the initial physically adsorbed layer ti and the
remaining radius rc of capillary condensation).

However macroscopic theories usually underestimate the filling of the
smaller pores necessitating a molecular level description. Density functional
theory [62, 63] or Monte Carlo [64] simulations can be used in this case. The
experimental isotherm is given by a Generalized Adsorption Isotherm (GAI)
equation:

N(P/P0) =

∫ Wmax

Wmin

N(P/P0,W )f(W )dW (3.6)

for different pore widths W and the pore size distribution f(W ). For a system
of adsorbate/adsorbent (in this case Nitrogen/Silica), the set of N(P/P0,W )
isotherms is obtained from Non-Local DFT of inhomogeneous fluids or Grand
Canonical MC simulations. The equation can then be solved numerically.

Measurement

The nitrogen adsorption/desorption isotherms of the porous glasses used here
were measured using a Nova2000e from Quantachrome Instruments. The
sample is first degassed in the left sample holders (see figure 3.5) and can be
heated to the required degassing temperatures using heating mantles. The
bulb containing the sample is then placed in one of the right sample holders
next to an empty reference bulb where P0 is continuously measured. To
ensure equilibrium and reliable values for P0, a low pressure tolerance and
high equilibration times were set. Typically, 30 adsorption and 29 desorption
points (with each point taking about 20 minutes to measure depending on
the sample) were measured with enough points for the BET surface area in
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Figure 3.5: Nitrogen adsorption/desorption setup: Nova 2000e with
2 placements for degassing on the left and the sample holder with the
empty reference holder above the nitrogen dewar on the right.

the linear regime (i.e. minimum 3, usually 6 relative pressures between 0.1
and 0.3) and a higher frequency of points between relative pressures of 0.6
and 0.9 as these are more valuable for the pore size distribution calculations.
The measurements were made using Nitrogen gas as an adsorbent and cooled
to 77K with liquid Nitrogen in a dewar. The isotherms were then evaluated
using the Quantachrome Novawin Software. The results however are only
exact if the minimum surface area of the measured sample is at least 10m2/g
which makes it difficult to analyze very small samples of porous glass. For
those pore sizes where only smaller amounts are available, the results using
the Nova2000e could not be trusted quantitavely, though different pore sizes
could be compared qualitatively and the main results made available by the
manufacturer were used. All samples were also filled with H2O and weighed
as a further confirmation of the porosity and thereby the possible filling
fraction.
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3.2.2 Contact angle

Figure 3.6: Scheme of a drop of liquid on a solid surface showing the
surface energies γLG, γSG, γSL between the various interfaces (liquid-
gas, solid-gas, solid-liquid) respectively, and the contact angle θC .

The angle where a liquid-gas interface meets a solid surface is known as the
contact angle. This angle reflects the intermolecular interactions between
the surface-liquid-gas combination when in thermodynamic equilibrium for
a certain temperature and pressure. Young’s equation [65] quantifies this
relationship for the contact angle θC (see figure 3.6):

cos θC =
γSG − γSL

γLG
(3.7)

with the interfacial surface energy γSG between the solid and gas, γSL be-
tween the solid and liquid and γLG for the liquid-gas interface. When the
solid is completely wetted by the liquid the contact angle is 0 with a strong
interaction between the solid and liquid. This can be observed for example
for water on a flat metallic or ceramic surface. A contact angle of θ < 90
stands for a high wettability, which in the case of water as a liquid means
that the solid surface is known as hydrophilic. A lower wettability charac-
terized by a θ > 90 implies a hydrophobic surface (for water). Contact angle
measurements can therefore be used to check the effect of the silanization of
a surface. This was done using a contact angle setup from OEG GmbH with
the help of Marlena Filimon. A droplet of liquid is pipetted onto the surface
and photographed with an iDS camera and evaluated for the contact angle
with the setup’s SURFTENS software.

3.2.3 Differential scanning calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is the most commonly used calori-
metric method allowing the determination of heat flows HF = dQ

dt
allows

for determining heatflows generated by temperature gradients between the



24 Chapter 3. Materials and Methods

sample and a reference. Depending on the situation these heatflows can
correspond to latent heats (phase transitions like cristallization or melting,
chemical reactions, amongst others) exchanged by the sample or to changes
of the specific heat capacity of the investigated system. In DSC sample and
reference pans are submitted to a temperature program Toven = T0 + β · t (β
representing the heating/cooling rate), which yields a heatflow HF = k ·∆T
emerging between sample and reference. While ∆T is corresponding to the
temperature difference between sample and reference, k is a characteristic
constant of the instrument which has to been determined by calibration. In
absence of phase transitions the heat capacity cp of the sample can directly
be determined from HF = cp · β. The interpretation of the heat flow signal
gets more complicated when e. g. latent heat is exchanged by the sample
and superimposes the evolution of the heat capacity. From inspection of the
previous equation it can be understood that a large heating rate β is needed
to resolve small changes in cp while the measurements are only sensitive
enough to see at which temperature these changes happen when a small β is
used. Obviously DSC cannot be exploited to determine cp under isothermal
conditions (β = 0).

Temperature modulated DSC

Temperature Modulated DSC (TMDSC) was developed as an extension of
DSC by Reading et al [66]. For a review and further information please refer
to [67]. In a TMDSC experiment, the oven temperature obeys to

Toven(t) = T0 + βt+ AT · sin(ωt) (3.8)

with the amplitude A and the frequency ω of the temperature modulation.
The heat flow emerging due to the temperature difference between sample
and reference can be written as:

HF = βCp,β + k · AT · sin(ω · t− delta) (3.9)

with AT : amplitude of the time-dependent temperature difference ∆T be-
tween sample and reference, δ: phase shift angle between oven temperature
and time-dependent temperature difference ∆T . In the frame of linear re-
sponse theory the heat flow signal can be interpreted as an answer to the
modulated oven temperature [68]:

HF [T, t] = β · Cp,beta + ω · AT · /C∗p(T, ω)/cos(ω · t− φ) (3.10)

φ: phase shift angle between heat flow and heating rate (φ = pi/2 + δ).
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Figure 3.7: Temperature-time diagram of the TOPEM temperature
program with the stochastically modulated temperature program (in
blue), followed by the cell temperature (in red) the underlying heating
rate (in black), and the amplitude of the modulation (in green).

Comparison of equations 3.9 and 3.10 yields modulus and argument of
the complex specific heat capacity c∗p:

c∗p =
C∗p
m

=
k · AT
ω · A ·m

(3.11)

and tan(φ) = AT

A
, m: mass of the sample.

c∗p can be separated into the specific storage c
′
p and loss heat capacities

c
′′
p :

c∗p = cp,0 +
∆cp

1− iωτ
= c

′

p(ω) + i · c′′p(ω) (3.12)

The problem with TMDSC is that it is time-consuming. One needs 3 mea-
surements for each frequency: one empty run, one calibration run with a
known sample such as aluminium or sapphire and the actual sample mea-
surement.

TOPEM

TOPEM analysis [68] yields the quasi-static heat capacity cp0 and the frequency-
dependent complex heat capacity c∗p without the need for additional calibra-
tion (TMDSC requires accurate and time-consuming calibration). In a sin-
gle measurement c∗p can be determined over a wide frequency range. This is
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Figure 3.8: Temperature dependence of the specific storage heat ca-
pacity at different frequencies obtained from a single TOPEM mea-
surement.

achieved by superimposing the linear temperature program Toven = T0 +β · t
with a stochastic temperature profile TTopem(see figure 3.7). Using this
method the underlying heating rate β, the maximum perturbation ATopem
(of the time-dependent temperature difference ∆T between sample and ref-
erence) and the times between the pulses ∆tp,min and ∆tp,max can be varied.
This temperature pulse needs to be small enough to ensure the sample re-
sponse remains linear. The dynamic Tg(ω) is not significantly influenced by
the underlying cooling rates, provided these are small enough (β � 2K/min)
[69]. Though the quasi-static cp,0 is actually measured dynamically at a fre-
quency of 4mHz, the frequency is so low that it is very close to the thermal
cp due to the underlying heating rate β

Correction of heat capacity signals

Both the porous glass matrix and the DGEBA filler contribute to the mea-
sured heat flow signal. Using a simple mixing rule the specific heat capacity
can be normalized to the contribution of the oligomer. With the DGEBA
concentration x (x = mDG/mtot) and the specific heat capacity of the porous
glass cp,PG, one can calculate the specific heat capacity cp,DG of the DGEBA,
the phase shift angle φ as well as the real and imaginary parts of c∗p,DG:.

cp,DG =
cp,meas − (1− x) · cp,PG

x
(3.13)

φDG =
φmeas
x

(3.14)

c′p,DG =
cp,meas · cosφ− (1− x) · cp,PG

x
=
c′p,meas − (1− x) · cp,PG

x
(3.15)
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Figure 3.9: The quasi-static heat capacity of DGEBA (black line) and
its temperature derivative (blue line) as a function of temperature.

c′′p,DG =
cp,meas · sinφ

x
=
c′′p,meas
x

(3.16)

Measurement

TMDSC and TOPEM experiments were carried out on a DSC 823e (Mettler
Toledo) in the temperature range extending from -60C to +80 C. The heating
rate β = 0.3K/min was a compromise between fairly ensuring thermal equi-
librium conditions and keeping the duration of an experiment lower than 24
h. TMDSC and TOPEM were measured on a DSC 823e from Mettler-Toledo
between −60C and +80C with an underlying heating rate of β = 0.3K/min.
This slow heating rate was a compromise between coming close to thermal
equlibrium and limiting the total measurement time to < 24 hours. Exper-
iments with a longer duration could become problematic due to the possi-
ble appearance of frozen water around and in the sample chamber of the
calorimeter which could compromise the heat flow signal.

Fig. 3.9 illustrates how cp(T ) and dcp/dT (T ) are exploited to determine
the glass transition temperature Tg and the relaxation strength ∆cp (step
height) - magnitudes which are essential for the characterization of the glass
transition undergone by DGEBA.
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3.2.4 Thermo-mechanical analysis (TMA)

Figure 3.10: Photo and schema of the TMA setup showing the probe
measuring the sample’s height which can oscillate between 2 forces
with a frequency of 83mHz. This applied force is shown in the blue
curve which results in the length measurement shown in the red curve.
The sample’s temperature is measured with a thermocouple inserted
under the sample in the sample stage.

Thermo-Mechanical Analysis (TMA) is a technique measuring the dimen-
sional changes accompanying phase transitions as a function of the applied
temperature. A TMA setup consists of the sample stage, a sensitive probe
measuring the sample’s height and a thermocouple measuring the temper-
ature. The sample environment is enclosed in a furnace with nitrogen gas
flow.

The main function is the analysis of the dilatometric expansion of the
length or volume of a sample as a function of temperature. The linear expan-
sion coefficient α can be determined by dividing the temperature derivative
of the length by the length of the sample:

α =
dL

dT
· 1

L

For an isotropic material, the volume expansion coefficient γis then equals
to 3 · α. The force holding the probe down on the sample needs to be so
small that the applied stress σ plotted against the measured strain ε of the
sample is in the linear elastic regime. Larger stresses could incur irreversible
deformations.

As mentioned above, phase transitions such as the glass transition are
accompanied by a change in free volume vf which manifests itself through
a significant change in the slope of the thermal expansion curve. The glass
transition temperature can then be determined from the intersection of linear
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fits of the length expansion in the glass and in the liquid regime as shown in
figure 3.11.

Figure 3.11: TMA measurements of DGEBA confined in a porous
glass. Figure a): dilatometric expansion L (black curve) and the
calculated linear expansion coefficient α (blue curve). The linear fits
of the glass and liquid regions are marked in red. Figure b): the elastic
modulus E∗ is shown in green and the SDTA signal in red.

With the TMA/SDTA 841e setup from Mettler-Toledo used in this thesis
it is also possible to vary the stress acting on the probe. During the mea-
surements the force applied on the sample can be modulated between two
different forces with a frequency of 83.3mHz seconds. This means that on
top of the length change, the complex elastic Young’s modulus E∗(T ) of the
sample can be determined:

E∗(T ) =
σ

ε
=

∆F/A

∆L(T )/L
(3.17)

with ∆F = F1 − F2 the difference between the two applied forces, ∆L =
L2 − L1 the resulting difference in measured height (a lower force translates
into a larger sample height and vice versa, see figure 3.10) and the area
A where the force is applied. Further Single Differential Thermal Analysis
(SDTA) of the sample is possible using Mettler-Toledo’s STARE software
which calculates the difference between the sample’s temperature measured
with a K-type thermocouple and the reference temperature. This analysis
can help in the identification of thermal effects due to the heating/cooling
of the sample. In total, 6 parameters can be extracted from a single TMA
measurement with modulated force: the length L (as the mean of the varied
measured length), the complex modulus E∗, the storage modulus (or real
part) E ′, the loss modulus (or imaginary part) E”, the phase δ, and the
SDTA signal. All samples were measured in the same range as for DSC
(between around −60◦C and 80◦C) and with the same heating/cooling rate
of 0.3K/min.
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3.2.5 Broadband dielectric spectroscopy (BDS)

In dielectric spectroscopy, the impedance of a sample is measured as a func-
tion of the frequency of an applied electric field (ranging between 10−6 and
1012 Hz) [70]. The observed dielectric permittivity ε is based on molecular
dipole moments and the reorientational dynamics of the dipoles and elec-
tric charges in the sample due to the applied electric field (established first
by Debye [71]). The sample acts as a dielectric in a capacitor (sample is
placed between two electrodes). The empty capacitor has a capacitance of
C0 = ε0A/d which becomes Cs = ε∗C0 when the sample is inserted. The
actual values measured are the amplitudes U0 and I0 of the applied voltage
U∗(t) = U0e

iωt and current I∗(t) = I0e
iωt+δ+π/2 and the phase lag δ. The

impedance

Y ∗ =
U∗(t)

I∗(t)
=

1

iωε∗C0

(3.18)

is, as the capacitor is described by a parallel circuit with ideal resistance Rs

and capacitance Cs, equal to

Y ∗ =
Rs

iωCsRs + 1
. (3.19)

The frequency dependent complex dielectric function for the permittivity
then is:

ε∗(ω) = ε′(ω)− iε′′(ω) =
C∗s (ω)

C0

; ε′ =
Cs
C0

, ε′′ =
1

ωRsC0

(3.20)

The structural relaxations accompanying the transition from a liquid to
a glass in glass-forming materials are characterized by the α-relaxation time
(see the peak at higher frequencies than the conductivity signal marked in
figure 3.12). Further dynamic processes present in glass formers are ob-
served at shorter time-scales such as the β and γ processes. The relaxations
corresponding to the peaks in the dielectric spectra can be fitted at each
temperature using the Havriliak-Negami function [72]:

ε∗(ω)− ε∞ =
∆ε

(1 + (i ω
ω0

)β)γ
; 0 < β ≤ 1, 0 < γ ≤ 1 (3.21)

with the stretching parameters β and γ. This formula is an analytical com-
bination of the Cole-Cole [73] and Davidson-Cole [74] stretched exponential
functions describing non-Debye-type relaxations in the frequency domain.
The resulting fitting parameters are used to describe the evolution of the
relaxation processes over the temperature. Specifically, the frequency f of



3.2. Methods 31

Figure 3.12: Dielectric spectroscopy spectra of DGEBA for 273 K
(solid lines) and 263 K (dotted lines). ε′ is depicted in black and
ε′′ in blue. The conductivity signal can be seen at low frequencies in
ε′′ while the α peak shifts towards lower frequencies with decreasing
temperature.

the peak positions can be plotted in a log(f) vs. 1000/T (inverse tempera-
ture) diagram showing the change in the relaxations accompanying the glass
transition over many decades. This data extends the DSC data at very low
frequencies over a much larger range of frequencies. Properties such as the
activation energy and the fragility can be extracted from this plot. For the
porous glasses, other fit parameters such as ε∞ cannot be evaluated quanti-
tavely as there is no apparent mixing rule to separate the signals of the pure
porous glass and the DGEBA filler for dielectric spectroscopy. The samples
were analyzed for this thesis using a Betasorb spectrometer from Novocon-
trol with an Alpha-A frequency analyzer and a Quatro Cryosystem. The
spectrometer can measure in the frequency range from 3 · 10−5 till 4 · 107 Hz
through temperatures of −160 ◦C to +400 ◦C. The samples were sputtered
with a thin layer of gold on each side for optimal contact to the external
electrodes and then measured from +50 ◦C to −150 ◦C in steps of 2 ◦C.
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4. Characterization

The components of the system -porous glass and the epoxy resin DGEBA-
under investigation are characterized thoroughly. The results are used as a
basis for the results of the combined system.

4.1 Porous Glasses

The properties of the silica porous glasses were characterized with different
methods. First the results from the nitrogen adsorption/desorption analysis
with a quantitative analysis of the pores are presented. This is followed by
images of the porous structure taken with AFM and SEM. To be able to take
into account the contribution of the empty silica network in the analysis of
the composite, the empty porous glasses are measured using TMA and DSC.
Finally the impact of silanization is shown on silica surfaces.

BET

The method established by Brunauer-Emmett-Taylor, referred to by BET
and introduced in chapter 3, is used to determine the porous structure of
the glasses. Please refer to Section 3 for further details about the method.
The nitrogen adsorption and desorption isotherms needed were taken using
the Quadrasorb Nova 2000e. The samples were degassed and then measured
with 30 P/P0 adsorption points and 29 P/P0 desorption points between 0
and 1. The results are summarized in table 4.1. The determination of the
properties from nitrogen adsorption and desorption measurements such as
the pore diameter and the total pore volume is strongly dependent on the
range of measured relative pressures. The values and their errors are therefore
calculated from the average of several data fits varying the relative pressure
values used for the evaluations. Problems are also incurred for very small
pores (< 4nm) and for samples with a surface area per gram of material of
< 10m2, i.e. small surface areas and/or small amounts of material.

33
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Pore diameter Porosity Surface Area Total pore volume
[nm] [%] [m2/g] [g/cm3]
4.5(5) 27(2) 156(24) 0.27(3)

10.3(11) 56(4) 445(19) 1.02(5)
18.7(18) 41.3(4) 182(13) 0.71(5)
44.4(32) 39.2(6) 59(8) 0.49(7)
57.6(41) 61.9(5) 52(7) 0.52(6)
86.7(53) 51.4(5) 47(6) 0.55(6)
111.7(64) 59.2(6) 70(8) 0.69(7)

Table 4.1: Properties of the porous glasses from Nitrogen adsorption
and desorption isotherms.

As mentioned in the section about the BET method, the fit of the mea-
sured points for low pressures not only delivers the surface area but also a
constant C which is related to the interaction strength between the adsorbate
and the adsorbent. These values are compared for the native and silanized
samples in table 4.2.

4 10 20 44 55 87 111
native 47.7(12) 41.2(9) 77.5(17) 7.5(4) 8.3(6) 8.1(4) 7.6(5)

silanized 33.5(7) 15.6(6) 30.7(8) 6.5(4) 4.6(3) 4.9(3) 5.1(4)

Table 4.2: C-constant from BET-fits for the various pore sizes and
surface treatment.

The determination of the C-constant from BET-fits are largely dependent
on the range of data-points chosen. The range must be within the linear
regime of the nitrogen adsorption. The errors of the values were determined
by varying the fitting range within the linear regime. Comparing the C-
values for the native and silanized pores, it is apparent that these are smaller
for the pores which were treated. This indicates that the interactions with
nitrogen and therefore probably other materials are hindered after surface
treatment.
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AFM & SEM

To get a clearer idea of the structure of the porous glass atomic force mi-
croscopy (AFM) and scanning electron microscopy (SEM) measurements
were performed with the help of Marlena Filimon from the University of
Luxembourg and Joerg Schmauch from the Saarland University. The height
and phase diagrams obtained by AFM for the surface of a porous glass with
20nm-sized native pores are shown in figure 4.1.

Figure 4.1: a) topography and b) phase diagrams of the surface of
porous glass with 20nm pores using tapping mode AFM. A resulting
3-Dimensional model of the surface of the porous glasses is shown in
figure c).

Combining the information of the two measurements, a 3-dimensional
picture of the porous surface can be rendered (figure 4.1c)). One can see the
pores and surface roughness of the porous glass.
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Using SEM the view of the structure of the pores can be enhanced com-
pared to AFM though the measurements are more destructive to the samples.
Due to the bad conductivity of the porous glasses, the pores were coated with
a few nm of platinum.

Figure 4.2: SEM micrographs of the surface of a porous glass with
20nm pores: a) 70000x magnification, b) 370000x magnification. c)
Cut Cross section of 111nm pores at 20000x magnification.

In figure 4.2a) the surface morphology of the porous glasses with 20nm
pores is shown at a magnification of 70000. The shape and repartition of the
pores is much more defined compared to the AFM pictures. With a stronger
magnification of 370000 times (figure 4.2b)) the shape and size can even be
identified. The extent of the network of the pores is demonstrated in the
picture of the cut Cross-section of porous glasses with 111nm pores in figure
4.2c) .

DSC & TMA

The specific heat capacity of the empty porous glasses measured with dif-
ferential scanning calorimetry (DSC) can be fitted with a linear fit. This



4.1. Porous Glasses 37

is shown together with the thermal expansion for the 20nm porous glass in
figure 4.3.

Figure 4.3: The specific heat capacity (black curve) and the length
(blue curve) of an empty porous glass with 20nm-sized native pores
as a function of temperature. The dotted lines correspond to linear
fits to the experimental data.

Regarding the DSC measurements, the linear fits are used in section 6 for
the correction of the specific heat capacity of the pg/DGEBA systems.

4 10 20 44 55 87 111
intersection 0.27126 0.02015 0.17103 0.26634 0.20596 0.2628 0.19068

slope 0.00215 0.00218 0.00199 0.00172 0.00187 0.00182 0.00192

Table 4.3: Linear fit parameters (intersection: cp value at T=0 and
the slope) of the specific heat capacity of the empty porous glasses as
a function of temperature.

The fits of the expansion yielded linear thermal coefficients for the porous
glasses of around (8± 2) · 10−7[K−1].

4.1.1 Contact Angle

For an indication of the wetting properties and of the impact of silanization
on the surfaces of the pores, contact angle measurements were made. The
nanopores are far too small to be able to do contact angle measurements with
a microscope therefore flat silica slides were used as an approximation. The
silica slides were silanized using the same procedure as set out in chapter 3
for the porous glasses. Small drops of DGEBA (which have a surface tension
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of 0.047N/m) with approximately the same volume were placed on the native
and silanized surfaces and photographed. The obtained pictures are shown
in figure 4.4.

Figure 4.4: Image of a drop of DGEBA on a) an untreated silica
surface and b) a silanized silica surface.

As can be seen in figure 4.4a) the DGEBA strongly wets the native sur-
faces resulting in a contact angle of (36± 3) deg. The value was determined
from the average of the contact angle of 10 drops.

The drop of DGEBA on the treated surface (so that it is less hydrophilic)
is shown in figure 4.4b). One can see that the silanization did not make
the silica surface really hydrophilic as the contact angle is still below 90 deg
with a value of (79 ± 5) deg. This means that surface interactions due to
H-bonding is not completely hindered.

These values for the contact angle can only be taken as an approximation
as the contact angle of liquids in very small cylindrical pores is usually higher
than on flat surfaces. Li et al found that for various liquids in mesopores [75]
the contact angle even increased in smaller pores. In pores the Young’s
equation relating the surface tensions of thegas-liquid-solid interfaces does
not hold anymore as it does not take into account the geometry of the surface.
Additionally the negative pressure in the pores and the different saturation
of the liquid and the gas density can influence the contact angle of the liquids
on pore surface walls.
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4.2 DGEBA

The glass forming epoxy resin was characterized using DSC, TMA and di-
electric spectroscopy and the results compared to literature.

DSC

The specific heat capacity of the bulk (unconfined) DGEBA was measured us-
ing the same parameters for the filled system with a heating rate of 0.3K/min
(figure 4.5).

Figure 4.5: The specific heat capacity of DGEBA as a function of
temperature

The step-like signature of the glass transition can clearly be observed
followed by a liquid-like region at higher temperatures. The glass transition
temperature could be determined (as the temperature corresponding to the
inflection point of the cp(T ) curve): Tg = (256.1± 0.3)K. The step height at
Tg between the heat capacity of the glass and liquid-like regions is (0.56 ±
0.02)J/g/K. These values coincides with published measurements with the
values 275K and 0.54J/g/K respectively for the same DGEBA variant D331
from Dow Chemicals [76, 77].

TMA

The thermal expansion of pure DGEBA using thermomechanical analysis
(TMA) is measured with a dilatometric vial from Mettler Toledo. The liquid
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DGEBA is filled into the vial, covered with mercury and topped off with
a quartz piston. Figure 4.6 depicts the evolution of the adjusted length
(adjusted to 0 at 220K and to 1 at 270K) of a DGEBA sample as a function
of temperature.

Figure 4.6: The expansion of DGEBA as a function of temperature
adjusted to 0 at 220K and to 1 at 270K. The slope of the expansion
in the glass and the liquid region are fitted (red lines). The glass
transition temperature is marked at the intersection of these fits.

The measurement could only be performed at temperatures T < 270K
and a minimum force of 0.001N, as the DGEBA was otherwise too liquid
slipping past the mercury and the piston. The glass transition temperature
could be determined from the intersection of linear fits to the glassy and
liquid branches of expansion as (252.3 ± 0.3)K. The expansion coefficients
αglass = (1.4± 0.2) · 10−4K−1 and αliquid = (5.5± 0.3) · 10−4K−1 correspond
to measurements of the expansion of DGEBA in literature [78].

DS

Dielectric Spectroscopy (DS) was used to investigate the frequency behavior
of the complex dielectric constant of bulk DGEBA. opy cooling from 323K
to 123K with a frequency run every 2K. The signal of the dielectric loss ε”
is analyzed as the Kramers-Kronig formulae relate the loss ε” and storage ε′,
only one needs to be evaluated. The maxima of the relaxation peaks are eas-
ier to fit in ε”. Cooling till around 225K any relaxations at lower frequencies
are overshadowed by the large contribution from the dc-conductivity with
ε” = σdc/ε0ω. The α- relaxation was observed at higher temperatures over
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the whole frequency range followed by the β and γ relaxations at lower tem-
peratures. These relaxations were fitted with Havriliak-Negami peak func-
tions. Thereby the relaxation frequency f = 1/(2πτmax) was determined as
a function of temperature (with τmax as the peak positions). The logarithm
of the frequency is plotted versus the inverse temperature in an Arrhenius
plot (see figure 4.7) .

Figure 4.7: Dielectric spectroscopy results for pure DGEBA, showing
the α (blue), β (red) and γ (black) relaxation times as a function of
inverse temperature.

The α-relaxation can be fitted with a VFT-function while the β and
γ-relaxations are fitted with Arrhenius fits. The measured frequency depen-
dence coincide very well with the measurements by Corezzi et al on DGEBA
[79].
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5. Thermomechanical
Analysis

The thermal expansion of the filled porous glasses was measured over a large
temperature range to gain an insight into the effects of property changes
of DGEBA on the confining rigid porous matrix. First studies by Koppen-
steiner et al, as discussed in chapter 2, showed a significant influence of glass
formers on the confining material when measuring the thermal expansion of
the system.

The present chapter treats the influence of pore size and surface treatment
(by silanization) of the pore walls on the thermal expansion of DGEBA con-
fined in porous glass matrices. The dilatation of the porous glass during the
filling process is first investigated. This study is followed by the analysis of
the thermal expansion of the porous glasses filled with DGEBA with special
focus on the glass transition and flow behavior of DGEBA. The results are
at first compared with findings from measurements on systems with silanized
pores. Then differences yielded by cooling and heating runs are inspected:
evidence for the occurrence of hysteresis between these two runs is provided.

5.1 Filling process

The swelling of a porous glass matrix was exemplarily measured while filling
a matrix with 20 nm pores with liquid DGEBA. For that purpose an empty
porous glass matrix was placed in the middle of a pan and liquid DGEBA
was placed in the corners. The setup is shown schematically in figure 5.1. As
DGEBA is still quite viscous at room temperature about (11-14 Pa·s), the
pan was heated inside the TMA apparatus to 308K to ease the penetration
of DGEBA into the glass matrix.

43
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Figure 5.1: Scheme of the fill setup: the porous glass sample (grey)
is placed in a pan (blue) with DGEBA drops at the corners. As the
setup is heated the DGEBA flows toward the pores.

The tests were performed on the 20nm pores as these could be filled
with DGEBA in an adequate amount of time and were available in larger
quantities than other pore sizes. The sample expansion was measured using
a force of 0.001N applied to the probe and is shown in figure 5.2.

Figure 5.2: Time-dependent measurement of the expansion of porous
glass during the filling with DGEBA. The linear fit of the data is
marked in red.

Using neutron scattering Huber et al. [80] observed that the liquid
molecules first attach to the pore walls and climb along these. The ascending
motion of the molecules at the interface is followed by the bulk in the center
of the pore. Thus a meniscus forms in the pores during filling. Finally the
height of the swelling sample increases monotonically with the square root
of time as shown in figure 5.2. This corresponds to a Lucas-Washburn

√
t

law describing the capillary rise of liquids [15, 16] in porous samples. Similar
results have been observed for the uptake of liquids into porous systems by
[23, 9].
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5.2 Thermal expansion during heating

The linear thermal expansion of the filled porous glasses has been measured
in the temperature range 230K to 340K. At first the results provided by
heating runs are analyzed. In a second step, they are compared to the data
obtained from cooling measurements.

Figure 5.3 shows the evolution of the sample height as a function of
temperature for the whole bunch of native pg/DGEBA systems under inves-
tigation.

Figure 5.3: Linear thermal expansion of porous glasses filled with
DGEBA for pore diameters between 4 and 111nm. All measurements
are adjusted to 0 at 230K and to 1 at 340K.

The presented data of the untreated systems have been obtained upon
heating. As the heights of the samples differ by up to a millimeter and the ex-
pansion effects are in the range of micrometers, the curves have been adjusted
for better comparability: The length curves have been shifted vertically to 0
at 230K and then scaled to 1 at 340K.

Figure 5.3 reveals the complex thermal dilatation behavior of the com-
posite systems, clearly documenting the influence of DGEBA on the porous
matrix. All of the measurements have been carried out using the same proce-
dure (heating rate of 0.3K/min). Reproducibility was checked using several
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samples of the same type (pore size) and repeating the measurement with
the same sample several times.

In case of the samples with the largest pores, starting at the lowest tem-
perature T = 230K, the adjusted length La linearly increases upon rising
temperature. At the glass transition temperature Tg, the slope of La(T )
changes to a larger value. This transition is increasingly smeared-out with
decreasing pore size (d ≤ 40nm), Tg being shifted to higher temperatures.
To understand the thermal expansion of the filled porous glass, one has to
take into account interactions between the filler and the matrix. Beside geo-
metrical contraints, these interactions hinder expansion or contraction of the
filler as a reaction to temperature changes.

While T continues to increase, the pg/DGEBA samples keep expanding
until, at a temperature which generally depends on the pore size of the in-
vestigated system, the slope abruptly drops to a dramatically lower value
(similar to the one of the unfilled systems). For the sample with pore size
d=10nm, only the beginning of this slope change can be observed. For the
4nm system the latter is not visible within the observed temperature range.
This behavior can be explained by a change of the influence of the thermal
expansion of the filler on the thermal expansion of the whole sample. A
close inspection of e. g. the La(T ) curve corresponding to the sample with
111nm-sized pores (see figure 5.3 reveals that, between 270K and approx-
imately 293K, the adjusted length only modestly increases: apparently, in
this temperature range, a large fraction of DGEBA molecules can freely flow
when temperature changes. In the following the event occurring at T > Tg
and generally characterized by a dramatic slope change of the respective
La(T ) curve will be named flow transition.

In case of the pg/DGEBA samples with the largest pores, the La(T )
curves show a further anomaly in the form of a step at around 295K. The
step separates two regimes with reduced slope of the curves. The physical
origin of this step will be discussed after inspection of the La(T ) curves
obtained for the pg/DGEBA systems with silanized pores. In case of the
sample with 20nm-sized native pores the step height is more pronounced
and occurs at a higher temperature (around 320K). At temperatures higher
than those at which the step-like increase in La(T ) is observable, the samples
show practically no thermal expansion, i.e. the behavior of the filled samples
has become independent of DGEBA which can freely flow when temperature
is changed. The step-like transition does not take place in the samples with
10nm- and 4nm-sized pores within the temperature range passed through in
the course of the experiments.

A general observation is: for sufficiently small pore sizes, the smaller the
pore size, the higher the temperatures at which the various transitions take
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place.

Figure 5.4: Linear thermal expansion of silanized porous glasses filled
with DGEBA for pore diameters between 4 and 111nm. All measure-
ments are normalized to 0 at 230K and to 1 at 340K.

Figure 5.4 shows the La(T ) curves obtained for the various pg/DGEBA
samples with silanized pores. The data obtained for the 55nm silanized
sample are left out of this analysis due to large fluctuations dominating the
measurement. Inspection of table 5.1, where all the identified transition tem-
peratures are listed, allows the comparison of the glass transition tempera-
tures measured for the systems with native and silanized pores respectively.
For pore sizes d ≥ 44nm , the glass transition temperatures of both types
of systems practically coincide with Tg of pure DGEBA. When d < 44nm,
the glass transition temperatures of the silanized systems are always smaller
than the one of the untreated samples.

Again with the exception of the 4nm system, the flow transitions found
in the case of the samples with silanized pores, occur for each of the investi-
gated surface treated systems at characteristic temperatures higher than the
respective Tgs. There is a trend of the flow transitions to occur at higher
temperatures, the lower the pore size. Regarding the 4nm systems and the
10 nm untreated system the event seems to take place outside the tempera-
ture range passed through during the measurements. It is important to point
to a substantial difference between the results of the measurements carried
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out on samples with silanized and native pores respectively: while the flow
transitions of the former occur when the adjusted lengths of the samples take
the value 1, the dramatic slope changes of the La(T ) curves corresponding to
the filled porous glasses with native pores always occur at La values smaller
than 1. The small step-like anomalies discussed for the samples with native
pores cannot be resolved in the graphs obtained for the systems with surface
treatment.

The latter finding opens up a window for the understanding of the step-
like anomaly! In the samples with native pores, H-bonding as well as other
types of interfacial forces with physical origin lead to attractive interactions
between DGEBA and native pore wall surfaces. At high enough tempera-
tures the thermal agitation of the DGEBA molecules is so high that, on the
time average, the interfacial interaction between the filler and the porous
glass can be neglected. DGEBA inside the pores can adjust its density to
temperature changes within the timescale imposed by the experiment and
most importantly without affecting the porous matrix, i. e. it can flow like a
liquid through the pores. Thus, at sufficiently high temperatures, the evolu-
tion of the La(T ) curve is exclusively controlled by the thermal expansion of
the glass matrix which is very low. When decreasing the temperature below
T

(2)
flow (see figure 5.3 and table 5.1), thermal agitation can no longer prevent

that interfacial forces hinder the flow of a fraction of DGEBA molecules lo-
cated in the vicinity of the pore wall surfaces. The considerable slope change
of La(T ) between T

(2)
flow and T

(2)
g documents the forces exerted by the shell

layer of filler molecules on the glass matrix. T
(2)
g corresponds to the glass

transition temperature of the shell layer. At temperatures smaller than T
(2)
g ,

the slope of La(T ) becomes much smaller than in the range T
(2)
g < T < T

(2)
flow

, since the thermal expansion coefficient of glassy DGEBA is much lower than
the one of liquid DGEBA (αglass = 1.6 · 10−4K−1 < αliquid = 5.5 · 10−4K−1

for DGEBA).

The DGEBA molecules which are not immobilized in the glassy shell layer
can freely move through or inside the pores to adjust their bulk density to the
temperature changes. The situation changes at temperatures Tg < T < T 1

flow

: although the material in the core stays liquid, the macroscopic flow of core
DGEBA freezes. As a result the core exerts forces which are transmitted
by the shell layer to the porous glass matrix: the slope of the La(T ) curve
dramatically increases. Core DGEBA finally vitrifies at Tg.

In the samples with silanized pore surfaces H-bonding should play a minor
role. When this kind of chemical interaction is the main one responsible for
the formation of shell layers (as discussed above), one can understand that
the transitions associated to the shell layer are completely absent or at least
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so weak, that they can no longer be resolved.

The just described model will be corroborated by results from calorimetry
in a later section. The table 5.1 gives an overview on the characteristic
temperatures Tg, T

1
flow, T

(2)
g and T

(2)
flow as they could be determined for the

various investigated samples.

For each sample the characteristic temperatures of the various transitions
were evaluated by determining the intersection of linear fits of the regions
above and below each kink. All transition temperatures are marked in figure
5.5. Additionally for an estimate of the amount of material which can be
attributed to the shell layer, the step height ∆L (see figure 5.5) was evaluated
and listed in table 5.1.

Pore size Tg [K] T 1
flow [K] T

(2)
g [K] T

(2)
flow [K] ∆L

4nm 267.7(48)
4nm silanized 249.7(36)
10nm 266.0(32)
10nm silanized 245.1(6) 304.4(7)
20nm 260.4(28) 289.0(7) 318.2(8) 324.9(8) 0.122(5)
20nm silanized 249.7(5) 286.9(6)
44nm 250.4(5) 271.9(7) 295.8(6) 302.4(6) 0.127(4)
44nm silanized 251.3(4) 294.2(7)
55nm 251.4(4) 271.3(5) 293.4(7) 297.5(6) 0.096(4)
87nm 251.5(5) 274.3(6) 293.4(6) 298.3(7) 0.092(4)
87nm silanized 251.6(4) 279.7(6)
111nm 251.3(4) 270.5(5) 293.3(7) 298.3(6) 0.040(5)
111nm silanized 251.5(5) 270.6(6)

Table 5.1: Transition temperatures for the glass and flow transitions at
lower and higher temperatures and the step height between the upper
transitions ∆L determined for the range of pore sizes and surface
treatments. The errors are estimated from several fits of the glassy
and liquid-like slopes in the thermal expansion.
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Figure 5.5: Linear thermal expansion of the native (red solid curve)
and silanized (blue dashed curve) porous glasses with pores of 87nm
filled with DGEBA. The various transitions Tg and T 1

flow for both

systems, and T 2
g and T 2

flow for the native pores are marked. The
evaluation of the step height ∆L of the shell in the native pores is
indicated.

5.3 The glass transition

Figure 5.6 shows the glass transition temperatures Tg as a function of the pore
size for samples with native and silanized pores respectively. As a reminder:
pure DGEBA has a glass transition temperature Tg,DGEBA = 252.3K. For
the systems with the largest pores (d ≥ 44nm), irrespective of the surface
treatment, Tg fairly corresponds to Tg,DGEBA. Obviously the confinement
by the pores and interaction between DGEBA and porous matrix does not
influence on the molecular dynamics of the core DGEBA here.
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Figure 5.6: The glass transition temperatures Tg are shown for the
untreated filled porous glasses (solid squares) and for the silanized
filled porous glasses (open circles). Tg for the bulk DGEBA is marked
by the blue dashed line.

For samples with native pores smaller than 44nm, Tg increases with de-
creasing pore size. This behavior changes with surface treatment: when
d ≤ 44nm, a modest tendency of Tg to drop below Tg,DGEBA can be iden-
tified. However, while the glass transition temperatures of the 20nm and
10 nm samples seem to systematically deviate from Tg,DGEBA, Tg of the
4nm sample approaches the bulk value again. Taking into account the com-
plexity of several curves obtained by TMA and the fact that dilatometric
measurements bear many experimental uncertainties, one should avoid the
over-interpretation of the results.

The changes introduced by silanization indicate that the surfaces of the
pores play a large role in hindering the molecular dynamics of DGEBA in-
side the native pores, probably by means of van der Waals interactions and
H-bonds between the polar DGEBA and the silanol groups at the surface
of the porous silica glass. The slowing down of the α-process of the glass
former by interfacial interactions results in a shift of the glass transition to
higher temperatures in the systems with small enough pores. Why not in
the systems with larger pores? A first response could be that in the samples
with smaller pore sizes, the surface to volume ratio becomes so high that a
substantial fraction of DGEBA molecules is in contact with or in the imme-
diate vicinity of the pore wall surfaces. Hence a larger part of filler molecules
feels the influence of interfacial interactions than in case of the systems with
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larger pores.

In the silanized samples, H-bonding which plays a strong role in the sam-
ples with native pore is supposed to become less important. Even in the
systems with the lowest pore sizes molecular dynamics are rather similar to
those in pure DGEBA. With full trust in the measurements one can even
state that the molecular dynamics become accelerated (with respect to pure
DGEBA) when the pore size drops below 44nm. Such a behavior is known
from literature [29, 81, 39]: when the confinement scale approaches the length
scale of the regions with dynamic heterogeneity, the molecular dynamics be-
comes faster, when there are no other processes affecting the behavior of the
glass former (such as the above described surface interactions).

5.3.1 Second glass transition

Figure 5.7: The two separate glass transition temperatures (lower in
red, those at higher temperatures in black) shown as a function of the
pore sizes for native pores (closed symbols) and treated pores (open
symbols).

Figure 5.7 shows the evolution of the glass transition temperature T 2
g

associated to the shell layer as a function of the pore size d in addition to
Tg(d) already represented in figure 5.6. As already mentioned, the second
flow transition occurs when, upon cooling, the flow of DGEBA molecules
located in the immediate vicinity of the pore walls is hindered as a result of
interfacial interactions. At the shell formed by the affected molecules freezes.
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As in the silanized systems the interfacial interactions are considerably re-
duced, one does not expect the second flow transition to occur. Logically the
corresponding glass transition takes place neither. In the untreated samples
the molecular dynamics of DGEBA within the layer adhering to the pore
surfaces is considerably slowed down compared to bulk DGEBA. As a con-
sequence the shell layers becomes glassy at much higher temperatures than
bulk DGEBA. For the samples where the shell glass transition could be iden-
tified, the values of T 2

g are around 300K except for the case of the 20nm-sized
native pores. In the latter sample the shell glass transition occurs almost 20K
above the transition observed in the systems with larger pore sizes.

5.3.2 The flow transitions

In section 5.2 the flow transitions were introduced to describe important
slope changes observed in the La(T ) curves at temperatures higher than Tg
(see figures 5.3 and 5.4 for the samples with native and silanized pores re-
spectively). The first of these flow transitions, occurring at the temperature
T 1
flow=T 1

flow(d, surface treatment), is observed for both types of investigated
samples. As already mentioned it takes place when the macroscopic flow of
bulk DGEBA inside the pores is hindered (increase of viscosity e. g.) and the
mismatch of thermal expansion coefficients between DGEBA and the porous
glass matrix can no longer be balanced (pure DGEBA has an expansion co-
efficient about 3 powers of magnitude higher than the empty porous glass,
see values given above). Below T 1

flow, DGEBA stops to equilibrate its density
after temperature changes. In the samples with native pores a second flow
transition occurs when, e. g. upon cooling, the mobility of DGEBA molecules
in contact with or located near the pore walls is restricted as a result of in-
terfacial interactions which are particularly pronounced for the native pores.
At T 2

flow = T 2
flow(d) the La(T ) curves obtained for the samples with native

pores abruptly change from practically zero slope at T > T 2
flow (shell layer

can freely flow inside the porous glass when temperature changes) to a high
slope value for T 2

g < T < T 2
flow, where T 2

g represents the temperature at
which the shell layer freezes.
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Figure 5.8: The transition temperatures T 1
flow (in blue) and T 2

flow

(in green) identified with flow transitions shown as a function of the
pore sizes for native pores (closed symbols) and treated pores (open
symbols).

In figure 5.8 the flow transition temperatures T 1
flow and T 2

flow (listed in
table 5.1) are plotted as a function of the pore size for both types of samples.
Obviously, for the systems with larger pores (d ≥ 44nm), both flow transition
temperatures are independent of the pore size (as a reminder: the shell flow
transition is only observed on the untreated samples). Analogous to the glass
transition temperature Tg, T

1
flow and T 2

flow increase with decreasing pore size
in case of pores with sizes d < 44nm.
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5.4 Cooling versus heating

Figure 5.9: The adjusted linear thermal expansion of the native filled
55nm pores is shown during cooling (blue) and heating (red).

Figure 5.9 provides evidence for the existence of an hysteresis revealed by
the La(T ) curves measured upon heating and cooling on pg/DGEBA sample
with native 55nm-sized pores.

In the sample the first flowing transition (T 1
flow) occurs at lower adjusted

length values and at a higher temperature upon cooling than upon heating.
Moreover the respective transitions occurring while reducing the tempera-
ture are much less abrupt (i.e. well-defined) than in case of the heating
measurements. The freezing of the flow seems to happen more gradually as
the temperature is decreased during the measurement.

The glass transition of the shell layer and the corresponding flow tran-
sition also occur at higher temperatures upon cooling than upon heating.
Again the La values at the two transitions are larger upon heating. This pro-
nounced hysteresis behavior is possibly associated with aging of the change
in density of the confined DGEBA.

5.4.1 Undercooling at low Temperatures

Looking at the heating and cooling measurements more closely at low tem-
peratures, some of the bulk material seems to stay liquid for longer than
expected during cooling, causing a larger contraction of the material. This
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can be seen for the filled 55nm porous glass in figure 5.9 around 240K and
much more pronounced in the La(T ) curves obtained for the 20nm- and
10nm-sized surface-treated pores shown in figure 5.10.

Figure 5.10: The cooling (blue curves) and heating (red curves) mea-
surements of the length around the glass transition are plotted for the
20nm silanized pores in figure a) and for the 10nm silanized pores in
figure b).

Apparently, at temperatures T < Tg, stress on the porous structure is
suddenly released, so that the slopes of the respective La(T ) curves obtained
upon cooling take the values of the glass-branches measured upon heating.
The fact that the cooling and heating runs superimpose almost perfectly af-
ter the release of internal stresses, is a very nice confirmation of the reliability
of the length data. For the 10-nm sample the phenomenon occurs in several
stages (figure 5.10b)). Cyclic measurements on the same sample reveal that
the observed hysteresis changes, disappears and reappears. The undercool-
ing of the glass transition of core DGEBA upon cooling is possibly due to
the large mismatch of expansion coefficients of the confining and confined
components (the respective expansion coefficients differ by three orders of
magnitude, see above).

5.4.2 Young’s Modulus

TMA measurements delivered information on both the temperature depen-
dence of the length changes, and on the complex Youngs modulus. When
applied to a sample, a stress field oscillating at 83mHz yields a strain response
at the same frequency (under linear response conditions). With the knowl-
edge of stress, strain and the phase shift angle between the two signals, the
storage (E) and loss (E) moduli of the investigated pg/DGEBA composite
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can be determined. The temperature evolutions of E and E are exemplarily
shown in figure 5.11 for the sample with 55nm-sized native pores.

Figure 5.11: The storage E′ (black curve) and the loss modulus E′′

(red curve) are depicted for the 55nm native porous glasses.

The large step-like change in the storage modulus E at T < 280K reflects
the bulk flow and glass transitions of DGEBA inside the pores. In the same
range of temperatures, the first loss peak at about 270K corresponds to the
flow transition whereas the second, more pronounced maximum of the loss
modulus at approximately 260K has to be associated to the glass transition.
Clearly the bulk flow transition has a large impact on the filled porous glass
properties.

The loss modulus peaks corresponding to the bulk glass transition were
evaluated for all of the samples to determine Tg. Figure 5.12 shows the
evolution of Tg obtained from measurements of Youngs modulus as a function
of the pore size for samples with native and silanized pores respectively.
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Figure 5.12: The glass transition temperature of the core from the
modulus at 83mHz is plotted as a function of the pore diameter for
native (black squares) and silanized porous glasses (red circles).

Obviously, for both the systems with native and silanized pores, the glass
transition temperature shows the same behavior as the one determined from
thermal expansion or calorimetric measurements. However, compared to
the results from thermal expansion, the Tg values determined from E(T)
are slightly higher. This difference is due to the kinetic character of the
glass transition: Youngs modulus is measured at 83mHz, whereas the length
changes are determined statically using a temperature ramp.

5.5 Summary

The Thermo-mechanical analysis of nanoporous glasses filled with the glass
former DGEBA reveals a complex picture of the behavior of these composite
systems. In case of samples with native pores (hydrophilic pore wall surfaces)
two distinct glass transitions can be observed. This experimental feature sug-
gests the model of a faster core and slower shell layer of DGEBA molecules
in the pores. For these porous systems with untreated ”hydrophilic” surfaces
the interactions of the filler molecules with the pore walls induces a large
up-shift of the glass transition of core DGEBA at low enough pore sizes.
In contrast to these findings, silanization of the pore wall surfaces consid-
erably reduces the interactions between the filler molecules and the porous
glass matrix: compared to bulk DGEBA, the glass transition temperature
practically does not change when the pore size decreases. At the lowest pore
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sizes one even observes a modest tendency towards acceleration of molecular
dynamics.

The most important and also completely novel result from the thermo-
mechanical analysis is the discovery of flow transitions in both types of sys-
tems (samples with native and silanized pores). A flow transition occurs when
macroscopic flow of DGEBA through the pores is frozen. It manifests itself
by an abrupt slope change of the length versus temperature curves at a char-
acteristic temperature T 1

flow. The latter transition results from a mismatch
of the thermal expansion coefficients of the filler and the nanoporous matrix:
DGEBA which can no longer adjust its density to temperature changes, ex-
erts forces on the porous glass matrix below the flow transition. Despite
the hindrance of macroscopic flow of the filler through the pores, DGEBA
stays liquid at temperatures larger than its proper glass transition tempera-
ture. Both the glass transition and the flow transition are confirmed in the
measurements of the elasticity at a frequency of 83mHz.

In the systems with native pores a second flow transition occurs at tem-
peratures T 2

flow > T 1
flow. This transition is associated to the hindrance of flow

of a shell layer in contact with the pore walls. H-bonding and possibly other
physical interactions between DGEBA molecules situated at or in immediate
vicinity to the pore walls oppose the free movement of filler particles within
a shell layer when temperature changes. At T 2

g these shell layers freeze: core
DGEBA continues to flow practically freely. As a consequence, in the tem-
perature range T 1

flow < T < T 2
g , the interaction between the filler and the

pore walls is considerably reduced.
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6. Specific heat capacity
analysis of confined DGEBA

Temperature modulated differential scanning calorimetry was used to investi-
gate the evolution of the specific heat capacity of DGEBA under confinement.
In analogy to the previous TMA analysis, first the results obtained from heat-
ing runs are shown and analyzed to be later compared to the data provided
by experiments realized upon cooling. The effects of surface interactions and
confinement on the main glass transition are investigated. This is followed by
an analysis of two additional transitions which occur at temperatures higher
than Tg and which are not observable in the specific heat capacity evolution
of bulk DGEBA (and might be related to the flow and shell glass transitions
seen in TMA). The comparison of results obtained from cooling and heat-
ing runs yields evidence for the existence of a hysteresis loop emerging in
the cp(T ) curves at higher temperatures. A special section is dedicated to
the discussion of the porous glass/DGEBA (pg/DGEBA) systems with the
smallest pore size. The present chapter is closed by an analysis on relax-
ation strengths, transition widths which are determined for the main glass
transition of all of the investigated systems followed by the estimation of the
characteristic length scale of the CRR’s in confined DGEBA.

Figures 6.1 and 6.2 show the temperature evolutions of the specific heat
capacities of various pg/DGEBA samples together with the cp(T ) curve ob-
tained for pure DGEBA (solid line). While the data shown in figure 6.1 have
been obtained on samples with native pores, the curves depicted in figure 6.2
correspond to results measured on systems with surface-treated (silanized)
pores. All the specific heat capacity data shown in these figures corresponds
to a temperature modulation frequency of 4 mHz and are measured upon
heating.
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Figure 6.1: Heat capacity measurements of all native filled samples
(dotted lines) compared to the bulk DGEBA (solid black line) during
heating. The inset shows the linear fits of the heat capacity of the
empty pores.

Figure 6.2: Heat capacity measurements of all silanized filled samples
(dotted lines) compared to the bulk DGEBA (solid black line) during
heating. The inset shows the linear fits of the heat capacity of the
empty pores.



63

The cp data are normalized for the further analysis in the following sections
(figures 6.3 and 6.4) with respect to the DGEBA content of the respective
samples using the ratio mDGEBA/(mpg+mDGEBA), mpg representing the mass
of the empty porous glass. To allow for a better comparison, the cp(T )-curves
corresponding to the different pg/DGEBA samples have been shifted along
the cp-axis so that their respective inflection points (marking the glass tran-
sition) coincide with the one of the cp(T )-curve obtained for pure DGEBA.

Porous glasses with native pores

While for systems using glasses with large pores (pore size d = 111; 87; 55;
44nm) the specific heat capacity shows a similar behavior as pure DGEBA
(solid line in figure 6.3), significant changes can be observed for samples in-
volving glass matrices with pore sizes smaller than 44nm (d = 20; 10; 4nm).
For the samples with larger pores the glass transition regimes practically
coincide with the one of pure DGEBA, whereas the cp(T ) branches corre-
sponding to the glassy and liquid regimes respectively slightly deviate from
the bulk behavior.

Figure 6.3: Corrected heat capacity measurements of all native filled
samples (dotted lines) compared to the bulk DGEBA (solid black
line) during heating from around 220K to around 345K. All curves
are shifted on the y-axis to correspond to the DGEBA cp value at
the respective glass transition temperatures. The inset shows the
evolution of cp for the 87nm pore size at temperatures above the glass
transition.
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In the glassy regime the slopes dcp
dT

∣∣∣
pg/DGEBA

are slightly lower than in

bulk while in the liquid regime there are several other changes visible. At
temperatures around 270K and 300K respectively two further transitions
seem to occur (these are marked in the inset of figure 6.3). These interesting
effects will be dealt with in more detail in chapter 7 in comparison with the
TMA measurements.

In contrast, for samples with pore sizes smaller than 44 nm the glass
transition regimes no longer coincide with the one of pure DGEBA: the tran-
sition regime are considerably broadened and the glass transition temper-
ature shifted to higher values. The smaller the pore size the larger is Tg.
Interestingly the cp(T ) curves corresponding to the 20nm-sized pores (red
curve in figure 6.3) and the 10nm-sized pores (black dotted curve in figure
6.3) also merge with the liquid state branches obtained for the filled samples
with larger pore sizes at approximately 290K and 320 K respectively. In
the following the features exhibited by the liquid state branches of the cp(T )
curves corresponding to the pg/DGEBA samples will often be addressed as
cp(T )-modulation.

Compared to the samples with 10nm-sized and 20nm-sized native pores,
the glass transition of the 4nm samples (dashed blue line) occurs at a higher
temperature. The transition is dramatically broadened and the step height
∆cp anomalously large even compared to pure DGEBA. Moreover, in contrast

to the samples with larger pore sizes, the slope dcp
dT

∣∣∣
pg/DGEBA

of the glassy

regime branch is comparable to the bulk value. Regarding the big ∆cp value
of the 4 nm curve (resulting from the anomalous behavior of the 4 nm-
sample in the glassy and liquid state) it has to be stressed that the mass
of the DGEBA inside the glass matrix (d=4 nm) is only 15% of the empty
porous glass. As a consequence of this rather modest fill-factor which is
due to the low porosity of the glass substrate (≈ 30%) the filled and empty
samples differ only little one from the other. This makes the calculation
of the difference yielding the specific heat capacity of the filled-in material
erroneous.

Porous glasses with silanized pores

At first glance (in figure 6.4), in the systems with pore-sizes larger than 20nm,
neither confinement nor silanization of the surfaces seem to take substantial
influence on the molecular dynamics in DGEBA: the glass transition regimes
practically coincide with the one of the filler.
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Figure 6.4: Corrected heat capacity measurements of all silanized
filled samples (dotted lines) compared to the bulk DGEBA (solid black
line) during heating from around 220K to around 345K. As above all
curves are shifted on the y-axis to correspond to the DGEBA cp value
at the respective glass transition temperatures.

The behavior of the 4nm sample (strong broadening of the glass transition
compared to the other samples) is particular and will be discussed later.
With decreasing pore size the fraction of DGEBA molecules in the vicinity
or in contact with the pore walls increases. Apparently the weakening of
interfacial interactions (H-bonding) as a result of surface treatment leads to
an increase of molecular mobility and hence to the same or slightly lower
glass transition temperature as in pure DGEBA. The argument stating that
in the glass matrices with silanized pore walls confinement practically has
no influence on the molecular dynamics of DGEBA (with the exception of
the 4 nm system) also allows for understanding the absence of broadening
of the glass transition regimes (in contrast to the pg/DGEBA systems with
native pores). Moreover, in contrast to the finding on the samples with native
pores, the slopes of the cp(T )-branches corresponding to the glassy and liquid
regimes are rather comparable to the respective slopes obtained for the bulk.
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6.1 The glass transition and more in confined

DGEBA

This section discusses the quantitative impact of confinement on the observed
transitions. As explained in chapter 3.2.3 and shown for the case of the bulk
(unconfined) DGEBA, the transitions were evaluated by looking at the tem-
perature derivative of the heat capacity: dcp

dT
(as the peak maxima correspond

to the inflection points at Tg in cp). This approach is best suited to glass tran-
sitions which show a complex behaviour, e.g. due to broadening (for instance
see cp(T ) curves for pg/DGEBA systems with native pores (d ≤ 20nm). As

described before (see chapter 3), the main peak exhibited by the dcp
dT

-curve is
fitted to a Gaussian for each investigated pg/DGEBA sample. The fits yield
the glass transition temperatures which are represented as a function of the
pore size in figure 6.5. The values are listed in table 6.1.

Figure 6.5: The glass transition temperatures determined from cp
are shown as a function of pore diameter. Solid squares mark the
untreated pores compared to the open circles for the treated pores.

For the native pores (solid squares in figure 6.5), there is a clear increase
of the glass transition temperature for pore sizes d ≤ 20nm. In these sys-
tems the molecular dynamics are significantly slowed down compared to pure
DGEBA and the pg/DGEBA samples with larger pore sizes (where Tg is in-
dependent of pore size). In pg/DGEBA systems with silanized pores (open
circles in figure 6.5), Tg is practically independent of the pore size. All to-
gether these experimental facts allow to conclude that in the systems with
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native pores, H-bonding of DGEBA molecules to the pore walls with far-
reaching effects into the pore volumes, is responsible for the increase of the
glass transition temperature, when the pore size is chosen sufficiently small.
These observations and conclusions correspond to the results provided by
many investigations described in literature and carried out on other systems
of glass formers and porous matrices [30, 82]. In the systems with larger
pores (d ≥ 40nm) the surface to volume ratio is so small that the influence
of interfacial interactions on the molecular dynamics of the major part of
bulk DGEBA is negligible: Tg is independent of the pore size.

Figure 6.6: The temperature derivative of the heat capacity for the
untreated pores: 111nm, 87nm, 55nm, 44nm, 20nm and 10nm. The
large peak marks the main glass transition of the confined DGEBA
with up to two small further peaks marking the further transitions T2
and T3.

Figure 6.6 shows for the pg/DGEBA untreated samples that, at temper-
atures higher than Tg , up two further transitions occur (the curves for the
4nm pores are shown in section 6.3). The temperatures T2 and T3 corre-
sponding to the relative maxima of dcp

dT
(T ) are represented together with the

main glass transition temperature Tg of all of the investigated samples in fig-
ure 6.7. The corresponding values are listed in table 6.1. It was not possible
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to evaluate the two smaller peaks (at T2 and T3) for all of the investigated
samples as they were sometimes too broadened and too small with respect
to the background, so that they could not be resolved (as shown for the case
of the 44nm pores in figure 6.6).

Figure 6.7: All the transition temperatures determined from the tem-
perature derivative of the heat capacity are shown as a function of
pore diameter. Solid symbols mark the untreated pores compared to
the open symbols for the treated pores. The results marked in red
are the maximum temperatures of the main peak associated with the
main glass transition. The evolution of the 2nd identified peak is
shown in blue while the third one is marked in black.
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Pore size Tg [K] T 2 [K] T 3 [K]
native silanized native silanized native silanized

4nm 271.9(45) 256.5(38) 303(50) 295.7(33)
10nm 270.5(5) 252.8(2) 295.7(8)
20nm 262.1(4) 254.3(2) 284.3(7) 283.5(3)
44nm 255.1(2) 255.6(2) 278.9(3) 274.2(5)
55nm 254.4(2) 253.8(2) 272.1(3) 277.4(4) 299.6(3)
87nm 255.0(2) 254.9(2) 269.0(3) 278.0(4) 298.6(3)
111nm 254.6(2) 254.1(2) 268.9(3) 275.9(5) 296.6(3)

Table 6.1: Transition temperatures determined for the range of pore
sizes and surface treatments. The values are the peak maxima of gaus-
sian fits of the temperature derivative of the respective heat capacity
measurements. The errors were estimated from the results of several
fits.

6.2 Cooling versus heating

Figure 6.8: Heat capacity of the 55nm pores during cooling (blue
curves) and heating (red curves) for the native pores (solid lines) and
silanized pores (dashed lines).

It is of interest to see if there is any change while cooling the confined DGEBA
to heating it up through the transitions. The cp(T ) curves obtained during
cooling and heating are exemplarily shown in figure 6.8 for pg/DGEBA sam-
ples with native and surface-treated pores (d = 55nm) respectively.
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At the lowest temperatures there is no discernible difference in behavior
between heating and cooling. This underligns the quality of the measured
data. However, analogous to the results provided by TMA, at temperatures
higher than Tg, there is a hysteresis visible between the cooling and heating
runs.

DGEBA epoxy resins such as D332 (also from Dow Chemicals) can crys-
tallize around 305K, especially when impurities are introduced. The hys-
teresis could therefore be an indication that some of the confined DGEBA
crystallizes in the pores. However crystallization could be confirmed neither
by DSC measurements (latent heat) nor by x-ray diffraction experiments.

To shed more light on the hysteris, the temperature evolution of the
derivative of the specific heat capacity is shown in figure 6.9 (exemplarily for
the pg/DGEBA sample with native pores (d = 55nm)).

Figure 6.9: Comparison of the temperature derivative of the heat ca-
pacity during cooling (blue curve) and heating (red curve) for DGEBA
confined in untreated 55nm pores.

Obviously the transitions occurring at higher temperatures (T > Tg) are
slightly shifted towards lower temperatures while switching from cooling to
heating. Thus the flow of DGEBA through the pores seems to be freezing
in at higher temperatures and melting at slightly lower temperatures cor-
responding to an inverted undercooling. This is affecting the transitions of
the shell layers. The hysteresis behavior described here above is reproducible
from sample to sample and on a same sample over several measurement cy-
cles. Possible explanations such as aging are discussed in comparison with
the TMA results in chapter 7.
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6.3 Small filler ratios and small pores

Accuracy of cp values

For very small amounts of DGEBA filled into the porous glass matrix, the
normalization of cp to the resin content can cause problems as the heat ca-
pacities of both the porous and DGEBA are very similar: small differences
in weight can cause large changes of the quantitative values calculated for
the specific heat capacity.

This was especially the case for the samples with the smallest pores
(d = 4nm) where the glass had a small total volume spanned by the pores.
Even though the filling fraction was approximately 75%, the mass ratio
mDGEBA/mpg (mDGEBA: mass of DGEBA; mpg : mass of empty porous
glass) was only around 0.15.

To clarify the situation, figure 6.10 compares:

� The original (without normalization) cp(T ) curves (solid lines) obtained
for the pg/DGEBA samples with native pores (d = 4nm and d =
20nm);

� The corresponding properly corrected cp(T ) curves (dotted lines) and
finally

� The cp(T ) curve (dashed line) determined for the sample with 4nm-
sized native pores after applying a correction which considers the sam-
ple as if it had the specifications of the 20nm sample, i.e. a much larger
ratio mDGEBA/mpg .
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Figure 6.10: Heat capacity of 4nm (blue curves) and 20nm (red curves)
native filled glass showing the original measurements (solid lines) and
corrected for the heat capacity of the mass of the empty porous glasses
(dotted lines). Additionally, the 4nm corrected heat capacity was
calculated using the values for 20nm (dashed line).

Considering the cp(T ) curve for the sample with d = 4nm before cor-
rection (blue line in figure 6.10), one might argue that the glass transition
is completely hindered by the confinement imposed by the small pores, as
the curve almost seems linear. However after normalization to the DGEBA
content, a glass transition can clearly be discerned though largely broad-
ened. Finally, after correction taking a higher mDGEBA/mpg ratio (ca. 50%)
into account, the glass transition can still be observed with a substantially
reduced relaxation strength.

The comparison of the three curves allows to understand that in cases
where mDGEBA � mpg , small errors occurring during the weight determi-
nation can induce large fluctuations of the specific heat capacity of DGEBA
and overestimations of the relaxation strength.

Determination of ∆cp

In case of the properly corrected specific heat capacity of the system with
4nm-sized native pores it also looks as if the step height ∆cp of the glass
transition is much larger than the one for samples with larger pores (see fig-
ures 6.3 and 6.4). Such an observation would contradict results reported in
literature [29, 81] stating that ∆cp diminishes with decreasing confinement
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size results fitting well into the theoretical model allowing for the calculation
of the size of cooperative rearranging regions (CRR) [48, 83]. The reduction
of ∆cp results from the fact that at very small pore sizes (i. e. with confine-
ment getting more and more substantial) the fraction of DGEBA molecules
involved in the main glass transition at Tg is dramatically reduced. As a
matter of fact when the pore sizes diminishes, the pore surface to pore vol-
ume ratio grows and an increasing number of filler molecules interacts with
the pore surfaces interaction leading to shell layers with proper (generally
slowed down) molecular dynamics. For a sound evaluation of the relaxation
strength ∆cp one has to take into account the evolutions of the liquid and
glass branches of the cp(T ) curves. As shown in chapter 3, ∆cp is generally
calculated as the difference of the heat capacity values yielded by linear ex-
trapolations (linear fits) of the liquid and glassy regime branches of cp(T )
at the transition temperature Tg. This procedure is problematic in the case
of the pg/DGEBA samples: as already discussed, at temperatures T > Tg,
further transitions occur, overlap and lead to the complex cp(T )-modulation
observed in the liquid state of all of the investigated pg/DGEBA systems.
In the next paragraph a procedure will be described which allows for an
unambiguous determination of the relaxator strengths ∆cp for most of the
samples, however as explained above, the large range of error for the 4nm
samples means the value for ∆cp is extremely speculative and only an indi-
cation of the actual ∆cp in these pores.

Determination of transition width

Another problem is the determination of the transition width which very
strongly depends on the temperature range selected for the evaluation. Here
again the cp(T )-modulation observed in the liquid state of all of the inves-
tigated pg/DGEBA systems but especially for the 4nm samples impedes a
straightforward evaluation. In the next paragraph a method which allows for
circumventing this problem will be presented.

Role played by the weight of DGEBA filled into the pores

The samples with 4nm-sized pores could usually be filled with up to 4.5mg of
DGEBA. Such a weight is normally enough to ensure a good heat flow signal
when performing calorimetry. This assumption was tested with a measure-
ment realized on a pure DGEBA sample with a mass of 1.8mg. The test
measurement did not reveal a substantial deviation from results obtained in
experiments involving larger DGEBA masses. However here the bad conduc-
tivity of the porous glass (with a mass around 30mg) means that the error
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due to a low mass of glass forming material is much larger than for the case
of the pure bulk.

Excepting the problem caused by a very small amount of DGEBA in
the pores, there are other features to be considered for playing a role in
the systems with the smallest pores. Figure 6.11 shows the cp(T )-curve of
DGEBA filled into a porous glass matrix with silanized 4nm-sized pores
(solid black curve) together with the temperature evolution of its derivative
(dashed red curve).

Figure 6.11: The heat capacity (black solid curve) and its tempera-
ture derivative (red dashed curve) are shown for DGEBA confined in
silanized 4nm pores.

While normally a well-defined glass transition with dominant strength
would be expected to occur as described for the surface-treated systems with
larger pore sizes, three distinct transitions with approximately the same rel-
ative strength can be observed.

There are at least two reasons behind this specific behavior. Firstly, as
the pore size is not so much larger than the DGEBA molecule, the number
of DGEBA molecules contributing to relaxation processes is significantly re-
duced. Secondly, in both the porous glasses with large and small pore sizes
the distribution of pore sizes is polydisperse. Though the silane agent is quite
small, surface treatment can enhance the polydispersity by reducing pore vol-
umes. Creation of bottleneck pores is possible too. The smaller the pore size
the larger the surface to volume ratio: the fraction of DGEBA molecules
involved in interfacial interactions increases. Hence, in the pg/DGEBA sys-
tems, downscaling of pore size is expected to reduce the ratio of the relaxation
strengths associated to the DGEBA core and the DGEBA shell respectively.
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Also, in porous glasses with smaller pore sizes, the morphology and roughness
of the pore walls come into play much more strongly: an increasing number
of molecules can be trapped by the surface.

6.4 Further information from cp

6.4.1 Step height in cp during the glass transition

In addition to the transition temperatures supplementary information can
be gathered from the heat capacity measurements. Especially the step-like
change in cp characterizing the transition of the samples from the glassy to
the liquid state (and vice versa) is a reliable indicator for the amount of
material involved in the main glass transition.

As explained in the previous section ∆cp is generally obtained as the
difference of the cp values deduced at Tg from linear extrapolations of the
cp(T ) branches corresponding to the liquid and the glassy regime respectively.
However as all of the pg/DGEBA samples, whether surface-treated or not,
exhibited further transitions at temperatures T > Tg (shell layers) which
partly overlapped with the main glass transition, the accuracy of linear fits
of the cp(T ) branches corresponding to the respective liquid phases is very
poor. To still gain a fair approximation of the relaxation strength for DGEBA
under confinement, the difference between the linear extrapolation of the
glassy regime branch of cp(T ) at Tg and cp(Tg) is evaluated. Assuming that
the transition is symmetrical ∆cp then corresponds to the double of the latter
difference.

The determination of ∆cp is exemplarily illustrated in figure 6.12 for the
pg/DGEBA samples with native pores of sizes 4 nm and 20 nm respectively.
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Figure 6.12: Heat capacity of DGEBA confined in untreated 4nm
(blue dotted curve) and 20nm (red dotted line) pores. The 4nm curve
is shifted on the y-axis. The cp curve is fitted with a linear fit in the
glassy regime. At Tg the difference in cp between the curve and the
linear fit is marked as 0.5 ·∆cp.

Here, as discussed above and shown in figure 6.12, the determination of
∆cp for the 4nm pores cannot be trusted quantitatively, but only used in the
context of a general decrease of ∆cp for decreasing pore sizes.

The ∆cp values evaluated for all of the investigated pg/DGEBA systems
are shown in figure 6.13 together with the relaxation strength corresponding
to pure DGEBA All values are listed in table 6.2. The error bars in figure
6.13 were determined taking into account the scattering of the transition
temperatures.

∆cp [J/K/g] 4 10 20 44 55 87 111
native 0.25(9) 0.25(4) 0.33(4) 0.50(2) 0.49(2) 0.51(2) 0.50(2)
silanized 0.18(8) 0.50(2) 0.51(2) 0.52(2) 0.53(2) 0.53(2) 0.53(2)

Table 6.2: Step height ∆cp calculated as twice the step height in cp
between glassy cp and cp at T 1

g for the range of pore sizes.
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Figure 6.13: ∆cp plotted depending on the confining pore size for the
untreated (closed black squares) and treated (red open circles) pores.
The blue symbol marks the step height for bulk DGEBA.

For the untreated samples with pore sizes d > 20nm there is a system-
atic, slight and more or less constant decrease of ∆cp with respect to the
relaxation strength obtained for pure DGEBA (blue symbol in figure 6.13).
This observation is in line with the previous conclusion that in the inves-
tigated untreated pg/DGEBA systems there is a small portion of DGEBA
molecules forming a shell layer at the pore walls. As these shell layers be-
come glassy at much higher temperatures than Tg these molecules do not
contribute to the main glass transition anymore. In case of the systems
with native pores (d ≤ 20nm), ∆cp diminishes with decreasing pore size
(and surface-to-volume ratio). This corresponds to the observations on the
main glass transition which is increasingly slowed in the smallest pores. The
values for the silanized samples are within the range of error of the pure
unconfined DGEBA though maybe slightly decreased that could be due to
some molecules still trapped at the lubricated surface and possible imperfect
silanization. As expected for the surface-treated samples with pore sizes 10
nm and 20 nm respectively ∆cp approximately keeps the value determined
for the systems with larger pore sizes (d > 20nm). This is no longer the
case for the sample with silanized pores (d = 4nm): decreases at a value
which is considerably smaller than the relaxation strength obtained for the
sample with a pore size d = 10 nm fitting the observations on this sam-
ple shown in figure 6.11 with several smaller glass transitions. However the
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non-monotonous behavior of ∆cp at 4nm should not be over-estimated: the
larger error bar and other elements in these pores need to be considered as
discussed above.

6.4.2 Size of the shell layer

In the pg/DGEBA systems with native pores the step height ∆cp at the
glass transition of core DGEBA decreases with increasing surface to volume
ratio (see figure 6.13). The direct determination of the step height ∆cshellp

associated to the glass transition of the shell layer from the cp(T ) curves was
generally not possible: the effect is too small and moreover overlapping with
the other (flow) transitions. Therefore the assumption is made that ∆cshellp

approximately corresponds to the difference ∆cshellp ≈ ∆cbulkp −∆cp between
the step height ∆cbulkp associated to the glass transition of bulk (unconfined)
DGEBA and the step height ∆cp associated to the glass transition of core
(confined but not in shell) DGEBA. With the knowledge of ∆cshellp , the
thickness of the shell layer dshell can be estimated with the following equation
according to Mckenna et al [38, 84]:

dshell =
dpores

2

[
1−

(
∆cp

∆cp + ∆cshellp

=
∆cp

∆cbulkp

)0.5
]

(6.1)

Using ∆cp from the previous section, dshell can be determined. The values
are listed in table 6.3.

Pore size dshell [nm] Volume fraction of shell
4nm 0.65(13) 0.546(317)
10nm 1.69(13) 0.561(123)
20nm 2.37(24) 0.418(94)
44nm 0.67(22) 0.061(62)
55nm 1.83(25) 0.129(49)
87nm 1.99(41) 0.089(39)
111nm 3.16(56) 0.111(35)

Table 6.3: Values for dshell and the volume fraction of the shell layer
calculated from ∆core

p for the range of pore sizes. The errors were
calculated using standard deviation.

Obviously the values, listed in table 6.3, strongly fluctuate. However if
one considers the volume of the shell layer relative to the total pore volume,
the calculated shell thickness seems to make sense. Under the assumption of
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cylindrical pores with volume V = π · r2 · l the volume fraction of the shell
layer can be calculated using the pore sizes and shell thicknesses. The values
are listed in table 6.3 and plotted versus the pore size in figure 6.14.

Figure 6.14: The volume fraction of the shell layer in the native pores
compared to the total pore volume is plotted depending on the con-
fining pore size for the pores. Inset: Surface to volume ratio as a
function of pore size.

As expected the volume fraction occupied by the shell layer increases
from approximately 10% (large pore sizes) to about 60% when the pore size
is reduced below 20nm (again taking into account the large errors for the
results of the 4nm systems). This evolution is in line with the growth of
the surface to volume fraction of the pores with decreasing pore size. It also
helps to understand why, at sufficiently low pore sizes, interfacial interactions
dominate the molecular mobility and cause the increase of both the core and
the shell glass transitions.

Similar results for the thickness and volume of the shell layer were ob-
served by Mckenna et al [38] for the small molecule o-terphenyl and mixtures
of o-terphenyl with polystyrene confined in porous glasses.

6.4.3 Broadening of the glass transition

Analogous to the evaluation of ∆cp , the modulation of the cp(T ) values
obtained for the liquid state of the pg/DGEBA samples, also impacts the
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fits of the dcp
dT

(T ) peaks (see chapter 4 for the corresponding fit carried out
for pure DGEBA) with the following Gaussian function:

y(T ) = y0 +
A

w ·
√

π
2

· exp

(
−2 ·

(
T − Tg
w

)2
)

(6.2)

with a constant A, the peak maximum Tg and the width w.
While the peak position can be defined rather unambiguously, the tran-

sition width δT = w varies strongly depending on the temperature range
used for the fit. As a matter of fact, in case of the pg/DGEBA systems, the
right side of the peak (T > Tg) does not fit a Gaussian due to the mentioned
cp(T )-fluctuations caused by the upper transitions. C. Schick proposed a
method to circumvent this problem by only fitting the peak to about 80%
[85]. However his method was determined to circumvent the fluctuations in
cp(T ) due to vitrification on the left side of the glass transition fitting the
glass transition peak mainly on the right side at higher temperatures. In the
pg/DGEBA systems however, the fluctuations on the right side due to the
flow transitions and the shell layer in the native pores are so large that the
method proposed above was used for the left side neglecting the problem of
further fluctuations at lower temperatures. This is exemplarily illustrated in
figure 6.15 for the sample with native pores (d=55 nm): the main peak was
fitted with a Gaussian only between the marked red lines.

Figure 6.15: Gaussian fit (blue dotted curve) of the temperature
derivative of the heat capacity (black curve) for 55nm native pores.
The main peak was fitted within the temperature range delimited by
the red lines.
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While the left side of the peak (T < Tg) is completely within the evaluated
range to establish the assumed correct background and height of the peak,
the right side of the peak is only fitted to a temperature just above Tg to
eliminate any distortion.

All the curves were evaluated in the same way leading to figure 6.16]
where the transition widths are represented versus pore sizes (for the values
see table 6.4). The peak width corresponding to pure DGEBA (marked in
blue) is added for comparison. It was determined using the same partial
temperature range as for the systems with confinement. As the curve ob-
tained for neat DGEBA shows no asymmetry, the integral peak could also
be fitted by a Gaussian. Both fits yielded the same value for the transition
width. This finding shows that one can rely on the approach used here for
the determination of the peak width.

Peak width w [K] 4 10 20 44 55 87 111
native 30.3 17.8 15.7 6.0 6.0 5.8 5.7
silanized 17.0 7.1 6.8 8.1 7.4 7.0 7.4

Table 6.4: The peak widths w identified from the Gaussian fits ac-
cording to equation 6.2 for the investigated systems.

Figure 6.16: Fitted transition peak width plotted depending on the
confining pore size for the untreated (closed black squares) and treated
(red open circles) pores. The blue line marks the result for bulk
DGEBA.
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While for samples with large enough pore sizes ∆cp is equal to or drops
to values slightly smaller than the relaxation strength measured for pure
DGEBA , the transition widths of the pg/DGEBA systems (d > 40nm)
are systematically and slightly larger compared to δT = w determined for
the neat resin. With decreasing pore size the width of the transition grows
especially in the systems with native pores. In the samples with surface
treatment only the transition width of the sample with the smallest pore size
(d=4 nm) substantially deviates from the value evaluated for the systems
with large pores.

6.4.4 Size of cooperating rearranging regions

The combination of the above results obtained from calorimetry for the tran-
sition temperature, step height and step width can be used to determine the
possible length scale of the cooperative rearranging regions (CRR) involved
in the glass transition as outlined in chapter 2. The most commonly accepted
formula relating these factors is:

V =
4

3
πξ3 =

kB · T 2
g ·∆(1/cp)

ρ · (w/2)2
(6.3)

with the Boltzmann constant kB, the density ρ and ∆ (1/cp) = 1/cPG −
1/cDGEBA.

Here only the results for DGEBA confined in silanized pores are used,
as in the systems with native pores, interfacial interactions dominate the
molecular dynamics so much, that the CRR sizes could not be compared to
the value corresponding to bulk DGEBA. The ξ-values found for confined
DGEBA are plotted in figure 6.17 as a function of the pore size.
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Figure 6.17: The calculated size of the CRR’s ξ is plotted against
the confining pore diameter for the silanized pores. The bulk value is
marked in blue.

In case of the largest pores (d ≥ 44nm), the characteristic lengths are
comparable to the CRR size evaluated for bulk (unconfined) DGEBA and
do not change very much. With confinement getting more important (d <
44nm), the characteristic length of the CRRs starts to decrease. At the
smallest pore sizes, ξ finally takes values within the range of the pore sizes
themselves: around 6nm in the system with 10nm-sized silanized pores and
approximately 3 nm in the sample with 4nm sized pores (though this value
has a very large error as discussed above).

From the theory dealing with dynamic heterogeneities in glass formers
[24, 28] it is known that an acceleration of molecular dynamics has to be
expected, when the length scale of confinement comes within the range of ξ.
Thus, for the systems with the largest pores, confinement is expected to have
no influence on the α-process of DGEBA. This is actually the case: results
obtained from TMA e.g. confirm that, at pore sizes d ≥ 44nm the glass
transition temperature of bulk DGEBA does not change with confinement.
There is however a slight trend towards acceleration of molecular dynam-
ics (decrease of Tg) which can be observed for the samples with 20nm- and
10nm-sized surface-treated pores (see figure 5.6). In these samples the char-
acteristic length of the CRRs reaches values within the range of the pore
sizes. Regarding the 4nm sample it has to be stressed once more that the
characterization of the glass transition is very inaccurate due to the strong
broadening of the transition.
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The values represented in figure 6.17 seem to give a good approximation
for ξ as they are in the range of length scales determined for other glass form-
ers from experimental work and theoretical molecular dynamics simulations
as presented in chapter 2. Donth et al for example saw similar dependencies
of ξ on the pore size for a variety of glass formers [48, 83] though leading
to slightly smaller characteristic lengths in the range of 2-3nm while others
found values for ξ in the range of 6-12nm.

6.5 Summary

The dynamics of the confined DGEBA investigated with heat capacity mea-
surements show evidence of additional phases compared to the bulk behavior.
In the native porous glasses up to 3 separate transitions could be distin-
guished. The strongest transition is identified with the glass transition of a
large part of the confined DGEBA molecules. For native pores, this transition
is shifted to higher temperatures than in the bulk. The upshift of the glass
transition temperature is increased with decreasing pore size. With surface
treatment this upshift is suppressed, and the glass transition corresponds to
the bulk measurements or is even slightly faster.

In the native pores, the step in heat capacity (∆cp) through the glass
transition decreases and the transition peaks are increasingly broadened with
decreasing pore size. This result of the surface influence is negated with
silanization so that the bulk behavior is approached.

In the silanized pores the characteristic length of the cooperative rear-
ranging regions could be determined and showed a slight dependence on the
pore size. This fits the picture of the CRR’s for the glass transition where
the increase in cooperativity with decreasing temperature is hindered in con-
finement.

Two extra phases at higher temperatures are seen at increasing temper-
ature with decreasing pore size. The upper transition (at T3) is probably
evidence of a layer of DGEBA molecules at the pore walls forming a slowed
shell around the core volume (Tg). The volume fraction of the slowed shell in
the native pores could be approximated as more than 40% in the 10 and 20nm
pg/DGEBA systems and around 10% in the larger pores d ≥ 40nm. This
third transition is negligible in the silanized pores as expected. The volume
of the shell compared to the core confined DGEBA explains the large influ-
ence of surface effects propagating into the interior core confined DGEBA.
In the smallest pores of 4nm size the surface boundaries and large surface
to volume ratio mean that probably less than half the volume of DGEBA
in the pores is involved in the core glass transition. The slowed molecules
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in the shell play such a large role that a wide range of relaxation rates of
the glass former appear even in the silanized pores. However the results in
both 4nm pore sizes can only be treated as an estimation as there are large
errors involved in the determination of the heat capacity for these samples.
The second transition (at T2) is tentatively identified with the flow transition
seen in the dilatation results.

For both of these last transitions there was a hysteresis visible between
cooling and heating measurements indicating there might be something like
an aging effect involved. The shell layer becomes liquid at a lower temper-
ature than it’s glass transition during the cooling of the confined DGEBA.
The flow of the DGEBA also melts earlier during heating than it’s freezing
upon cooling.

In the next chapter these results and those from thermomechanical anal-
ysis (chapter 5) are compared to clarify the observations on the dynamics of
DGEBA filled in porous glasses.
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7. Relaxation time-scales and
further results

Results from thermo-mechanical analysis (TMA) and calorimetry (DSC-
TOPEM) are compared in this chapter to get a better picture of the behavior
of DGEBA confined in nanoporous glass matrices. After comparing the re-
sults provided by the two types of measurements, the glass transitions and
flow transitions are evaluated quantitatively in the context of the proposed
core-shell model of the glass former in the pores. This is followed by a discus-
sion of the frequency dependency of the dynamic glass transition: broadband
dielectric spectroscopic data added to the results from temperature modu-
lated calorimetry allow for getting an overview on molecular dynamics in
DGEBA extending over a large spectrum of time scales.

7.1 Comparison of TMA and DSC

Up to two glass transitions and two transitions called flow transitions could be
identified from thermomechanical analysis of the filled porous glasses (chap-
ter 5). These results corroborate the validity of the core-shell model which
describes the behavior of the glass former in the native pores in an appropri-
ate manner. With differential scanning calorimetry (TOPEM) up to three
transitions passed through by confined DGEBA could be identified (chapter
6). The most important is clearly the glass transition of core (bulk) DGEBA
in the pores. The two further transitions have so far been associated to
changes in the flow behavior of the DGEBA molecules and to the glass tran-
sition of a shell layer formed by the filler molecules. Ideally this shell layer
should not play any role in the systems with surface-treated pores (to ease
the comparison with the native pores and the bulk DGEBA, the DGEBA in
confined silanized pores is also denoted as core DGEBA though without a
corresponding shell).

In figure 7.1 the evolutions of the length and specific heat capacity as a
function of temperature are compared exemplarily for a sample with 55nm-
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sized native pores.

Figure 7.1: The expansion and the heat capacity of the 55nm native
sample are plotted as a function of temperature. The various tran-
sitions observed in the course of the measurement are marked with
arrows.

The main features (core glass transition, shell layer glass transition, flow
transition of bulk DGEBA) observed in the thermo-mechanical experiment
also show up in the cp(T ) curve in similar temperature regions. Regarding
the lack of coincidence of the marked characteristic temperatures it has to
be stressed that the calorimetric measurements were dynamic measurements
with a probe frequency of 4mHz whereas the thermo-mechanical experiments
were static measurements using a temperature ramp. As a consequence the
characteristic temperatures obtained from the evaluation of the cp(T ) curves
generally lie at higher temperatures than the corresponding transition tem-
peratures evaluated from the length curves. The shell layer flow transition
cannot clearly be distinguished in the cp(T ) curve. This can be due to the
fact that the amount of DGEBA in the shell layer is small.
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7.1.1 Quantitative analysis of the core glass transition

The glass transition of the core DGEBA is the most pronounced event to
be observed in both, the evolution of the specific heat capacity and the
evolution of the adjusted length as a function of time. It is therefore the
most accessible transition to analyze the influence of decreasing pore sizes
and surface treatment. The dependence of Tg on the pore size yielded by
DSC and TMA is plotted in figure 7.2 (results from sections 5 and 6, listed
in tables 5.1 and 6.1).

Figure 7.2: The core glass transition temperatures measured in TMA
(Length: black symbols) and DSC (cp: red symbols) are plotted for
the range of pore diameters on a logarithmic scale. Solid squares
mark the results for untreated (native) porous glasses compared to
the treated (silanized) pores (open circles).

A logarithmic scale is chosen for the pore sizes. This representation al-
lows for a better comparison of the results obtained at small and large pore
sizes. Obviously TMA and DSC measurement provide glass transition tem-
peratures of bulk DGEBA which qualitatively follow the same behavior when
the pore size changes.

Both methods thus confirm that in the systems with native pores, the
molecular dynamics of core DGEBA start to slow down when the pore sizes
are sufficiently small(d < 44nm). The lower the pore size, the larger is
the surface to volume ratio characterizing the nanoporous structure. As a
consequence, with decreasing pore size, the fraction of filler molecules in
contact with or in vicinity to the pore wall becomes increases. Hence, at
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the lowest pore sizes, an important part of core DGEBA inside the pores is
sensitive to interfacial interactions or at least their direct effects.

Both methods also confirm that in the systems with silanized pores, Tg
is practically independent of the degree of confinement. Interestingly the
dependencies of the glass transition temperature on the pore size yielded
by TMA as well as DSC exhibit the same fine structure at the lowest pore
sizes. Obviously Tg tends to decrease below the glass transition temperature
of unconfined DGEBA, when the pore size changes from 44nm to 10 nm.
The observed acceleration of molecular dynamics is possibly due to the fact
that at the lowest pore sizes the confinement length scale approaches the one
of cooperative rearranging regions. Similar findings have been observed in
literature for several materials [29, 86]. Regarding the glass transition tem-
perature found for the system with 4nm-sized silanized pores it has to be
stressed that the transition is extremely broadened. An accurate determina-
tion of Tg is difficult.

7.1.2 The flow transitions

Looking once more at the adjusted length versus temperature curve in figure
7.1, the most striking event to be observed is certainly the transition from
a regime (T coreflow < T < T shellg ) where core DGEBA can flow rather freely
through the pores to a regime (Tg < T < T coreflow) where the macroscopic flow
of core DGEBA is hindered (DGEBA still staying in a liquid state). As
already mentioned, this transition, which is characterized by an important
slope change clearly visible in La(T ), is due to the mismatch of the thermal
expansion coefficients of core DGEBA and the porous glass (αDGEBA ≈ 5.5 ·
10−4K−1 and αPorousglass ≈ 8 · 10−7K−1). As Tg < T < T coreflow, bulk DGEBA,
which can no longer adjust its density to temperature changes within the
experimental timescale, exerts forces on the porous glass causing it to expand
or contract (depending on the sign of the heating rate) much more than
expected for an empty porous glass. From a thermodynamic point of view the
transition implies a change from constant volume conditions (Tg < T < T coreflow)

to constant pressure conditions (T coreflow < T < T shellg ) during measurements
of the specific heat capacity. This paradigm shift manifests itself in the
cp(T ) curve (see figure 7.1) by a modest kink which fairly coincides with
the emergence of the bulk flow transition observed in the La(T ) curve. The
second peak seen in the temperature derivative of cp(T ) (figure 6.6 in section
6) seems to correspond to the core flow transition though this is not true
for all investigated samples especially the 4nm pores where no corresponding
flow transition temperature was observed in TMA (figure 5.3) and therefore
the peaks solely correspond to glass transitions of core and shell layers. The



7.1. Comparison of TMA and DSC 91

temperatures T coreflow extracted from both methods are plotted in figure 7.3 for
the samples with native as well surface-treated pores.

Figure 7.3: The flow transition temperatures identified from the ex-
pansion are plotted dependent on the pore size: T coreflow as black squares

and T shellflow as blue triangles. The flow transitions seen in cp are plot-
ted in red (circles). Results from untreated porous glasses as solid
symbols, treated porous glasses as open symbols. Results from cp
without corresponding values from the length measurements are cir-
cled in blue.

Irrespective of the experimental method, the core flow transition temper-
ature remains approximately constant (around 275K) for pore sizes larger
than 20nm. For the systems with smaller pores (d ≤ 20nm), the core flow
transition could still be observed for the 20 nm- and just be suspected for
10nm-sized pores. In the latter systems T coreflow increases with the confinement.
Again the influence of surface properties of the porous glass is negligible or at
least cannot be resolved. To conclude, the bulk flow transition is seen at sim-
ilar temperatures in untreated and in treated porous glasses. Interestingly
this experimental finding is in contrast to the behavior of the glass transi-
tion temperatures of bulk DGEBA with changing confinement: as already
described, Tg increases with the confinement in the systems with native pores
and practically keeps the value found for unconfined DGEBA in the samples
with silanized surfaces (with even a modest trend to acceleration of molecular
dynamics). It follows that only in the untreated samples a reduction of the
pore size causes an increase of the viscosity of bulk DGEBA (due to the ef-
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fect produced by interfacial interactions). Hence viscosity changes cannot be
made the main responsible for the increase of T coreflow at the lowest pore sizes.
However flow through porous structures does not only depend on the viscos-
ity of the liquid but also, and in much more pronounced way, on the pore
size (Hagen-Poiseuilles law). The smaller the pore size, the slower the flow of
DGEBA through the glass, the more time the filler needs to adjust its density
to the temperature changes. As the pore size appears in Hagen-Poiseuilles
law as d4, its influence on the flow behavior surely plays a dominant role com-
pared to the viscosity (which appears as η−1 in the same law). Relying on
this explanation it can be understood that in the systems with the smallest
pores, the bulk flow transition occurs at higher temperatures, irrespective of
surface treatment.

For sake of completeness, figure 5.8 also shows the pore size dependency
of the temperature T shellflow (blue triangles) corresponding to the shell layer

flow transition. T shellflow could only be reliably determined for the systems with
native pores using results from TMA. At large enough pore sizes (d > 44nm)
the shell flow transition is independent of the pore size and occurs at a tem-
perature exceeding T coreflow by about 30K. In case of higher confinement, the
shell layer transition could only be observed for 20nm-sized pores. For sys-
tems with still smaller pores the impact of the shell layer is shifted outside the
range of the measurement. Analogous to the behavior of the bulk flow tran-
sition, the shell layer flow transition is shifted towards higher temperatures
at low enough pore sizes.

7.1.3 Glass transition of the shell

From figure 7.1 it is known that both, TMA and DSC provide evidence for
the existence of the shell layer glass transition. As already mentioned this ad-
ditional glass transition occurs when the flow of the shell layer resulting from
interfacial interactions between untreated pore walls and DGEBA molecules
freezes. The glass transition temperatures T shellg have been evaluated from
the length curves and partly also from the cp(T ) data (d ≥ 55nm). Figure
7.4 compares the respective results for different pore sizes.
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Figure 7.4: The glass transition temperature of the shell layers depen-
dent on pore size is plotted for the expansion measurements (black
symbols) and from heat capacity (red symbols). .

For the largest pore sizes (d ≥ 55nm), T shellg is fairly constant. Obviously
the transition temperatures obtained from calorimetric measurements are
systematically higher than those evaluated from TMA data. This result
does not surprise. As already explained, one has to take into account that
cp has been measured at a frequency of 4mHz while the length changes have
been determined statically using a temperature ramp. Analogous to the
behavior of the glass transition of bulk DGEBA (Tg(d)), only the T shellg value
corresponding to the sample with 20nm-sized pores is increased.

7.2 Hysteresis

Combining the information from TMA and DSC is also helpful for the dis-
cussion of the hysteresis seen for the respective cooling and heating measure-
ments.

Figure 7.5 allows the comparison of the behavior of the temperature
derivative of the specific heat capacity with the evolution of the sample length
of the pg/DGEBA system with 55nm-sized native pores.
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Figure 7.5: Plot of the temperature derivative of the heat capacity
(figure a), dotted curves) and the expansion (figure b), solid curves)
of the 55nm porous glasses for the cooling (blue curves) and heating
measurements (red curves).

Obviously differences between cooling and heating measurements emerge
around all of the glass and flow transitions. The length change at the flow
transitions, especially at the bulk flow transition, seems to occur more grad-
ually upon cooling than upon heating the sample. Moreover one can learn
from the evolution of dcp

dT
(T ), that upon cooling the main glass transition

(core DGEBA) is also slightly broadened. Aging could be a possible expla-
nation though a much larger effect on the glass transition would be expected
[87]. A simpler reason for the hysteresis might lie in the fact of the bad
thermal conductivity of the porous glasses. The measurements are based on
the assumption that the sample temperature is equal throughout the whole
sample. However as the applied temperature is decreased, the filled porous
glasses are cooled first at the extremities followed by the interior of the sam-
ple resulting in a temperature gradient within the samples. The transitions
are therefore broadened.
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7.3 Frequency dependence of the glass tran-

sition

Further information related to the glass transition can be gained from its
frequency dependence. As temperature modulated DSC is limited to low fre-
quencies in the mHz range, and the TMA (available at the laboratory) only
allows to measure Youngs modulus at a fixed frequency (83mHz), dielec-
tric spectroscopy was used to considerably extend the frequency range for
the investigation of relaxation phenomena occurring in confined DGEBA.
Dielectric measurements were performed at temperatures lower than 323K.
Since at higher temperatures the electric conductivity of DGEBA starts to
dominate the samples response to the applied electric fields.

The maxima of the imaginary part of the complex dielectric constant (loss
peak maxima) are fitted with Havriliak-Negami functions as shown in chapter
3. The resulting values can be used to construct an Arrhenius diagram where
log10(f) = log10(

1
2πτmax

) is represented as a function of 1000
T

.

Figure 7.6: Arrhenius plot of the dielectric relaxations seen in the
10nm native (open circles) and treated pores (solid circles) compared
to the bulk DGEBA (blue stars). VFT fits of the α peak are plotted
in red. The results from DSC (red symbol) and TMA (green symbol)
are added to the plot.

Figure 7.6 allows to compare the Arrhenius diagrams corresponding to the
α-processes in unconfined DGEBA, the pg/DGEBA sample with 10nm-sized
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native pores and the pg/DGEBA sample with 10nm-sized surface-treated
pores.

It is well known [79] that unconfined DGEBA obeys to the empirical Vo-
gel Fulcher Tammann law. Obviously both, the pg/DGEBA systems with
native and silanized pores show a similar behavior. The corresponding VFT-
fits are represented in figure 7.6. Regarding the activation plot of the sample
with 10nm-sized native pores, the deviation of the Arrhenius diagram from
the VFT-trace could correspond to the cross-over of the α and β-processes.
What already was insinuated by results obtained from low-frequency calori-
metric and TMA measurements is confirmed by dielectric spectroscopy for
a broad range of frequencies: the molecular dynamics of the pg/DGEBA
system with silanized pores are very close to those of unconfined DGEBA
whereas the molecular dynamics of the sample with native pores (same pore
size) are slowed down. It has to be stressed that the data from calorimetry
and TMA only qualitatively fit to the activation plots obtained from dielec-
tric spectroscopy. Most likely a mismatch of the temperature scales used in
dielectric spectroscopy, calorimetry and TMA is responsible for the differ-
ences between the relaxation frequencies obtained by the various methods at
a same temperature.
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7.4 Summary

Only the comparison of the thermal expansion and differential scanning
calorimetry results enables the complete identification of the different ther-
modynamic processes involved of the system of DGEBA confined in porous
glasses. The model of a core and shell of DGEBA molecules especially in
the pores with untreated surfaces could be confirmed. Both core and shell
in the liquid-like regime undergo a flow transition where the equlibration of
the negative pressure on the pore walls by the flow of the DGEBA through
the pores is hindered below a certain temperature (within the timescale of
the measurements). This flow transition is dependent on the confinement
scale as the effect of the thermal expansion mismatch becomes more impor-
tant with increasing surface-to-volume ratio (in decreasing pore diameters).
However the increased negative pressure does not noticeably affect the glass
former as the molecular dynamics in the native pores are dominated by the
H-Bonds and van der Waals forces between the DGEBA molecules and the
pores. These interfacial interactions result in significantly slowed relaxations
which could be confirmed with dielectric spectroscopy.

In the silanized pores the glass transition is significantly decreased and
comparable to the behavior of the bulk DGEBA with a possible slight size
effect seen in the smaller pores resulting in slightly faster dynamics as the con-
finement comes within the range of the characteristic length associated with
the cooperative rearranging regions at the glass transition. The frequency
dependencies of the relaxations of confined DGEBA follow the expected be-
havior with slowed dynamics for the native systems and bulk-like or even
slightly increased dynamics in the silanized pores.
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8. Conclusions & Outlook

A wide variety of interesting phenomena has been observed in the investiga-
tion of the confinement of DGEBA in porous glasses depending on the pore
size and the surface chemistry. This composite has been researched using
thermomechanical analysis, calorimetry, and dielectric spectroscopy to gain
insight into the flow and the glass transition of a confined glass former. Sev-
eral competing effects play a role in the behavior of confined DGEBA and of
the total system.

During the filling process of the untreated pores a Lucas-Washburn
√
t

dependence of the swelling of the pores is confirmed. In these native pores
filled with DGEBA a significant influence of surface interactions was ob-
served. This led to a broadened glass transition with decreasing pore size for
a part of the DGEBA filled into the pores. The rest of the resin is identified as
having adhered to the pore walls forming a significantly slowed surface layer
with slowed glass dynamics. The volume of the shell layer was calculated
to be up to around 50% of the confined DGEBA in the smallest untreated
pores. This fact explains how the surface interactions, due to the formation
of H-bonds, propagate far into the core, reducing the molecular dynamics as
the pore size is decreased.

The shell layer practically disappeared for the pores which were treated
with silane. The dynamics of the glass transition in the treated pores ap-
proached bulk behavior or is even slightly slowed as expected from finite size
effects. Using these results a value for the inherent length scale of the glass
dynamics was estimated which is within the range of estimations for various
other materials from around 1− 3nm [48, 81, 86] to 6− 12nm [38, 88].

Taking these results together, and comparing them with investigations of
other glass formers, it seems that the polar DGEBA interacts more strongly
with the untreated pores than glass formers such as salol and toluene (some
of the most commonly investigated low molecular weight materials in confine-
ment) [45, 37, 82, 42, 39]. The model of a core and shell structure of the resin
within the untreated pores with distinct glass transitions was established for
these materials. However a much smaller increase or even a decrease of
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the glass transition temperature of the core compared to the bulk material
was observed in comparison to the presented results on confined DGEBA.
It is therefore possible that for DGEBA in confinement, the dynamics are a
mixture between distinct areas and a broad distribution of relaxation rates.
Other investigations of confined glass formers could not distinguish separate
transitions but merely one largely smeared change in dynamics [89, 30].

To really limit the surface interactions it would be interesting to substitute
the porous glass with a porous structure of polymerized DGEBA and then
investigate the filling with DGEBA. This could be achieved by filling silica
pores with the DGEBA-DETA mix for polymerization and after the filler
has hardened, leaching the silica resulting in a porous epoxy matrix. Going
even further, the confinement of polymerized DGEBA could provide more
insight into how the glass transition restricted geometrically is dependent on
molecular weight.

A hitherto undiscussed aspect of the behavior of the composite is the
observation of a significant change in slope of the thermal expansion inde-
pendent of the glass transition. Above this slope change the glass former
can flow macroscopically through the porous matrix during expansion as it
adapts its density to the changes in temperature given by the experiment.
As the system is cooled the flow is frozen while the DGEBA is still liquid.
This incurs a contraction of the composite as the negative pressure from
the mismatch of the thermal expansion coefficients of the components is not
equilibrated anymore by the flow and the DGEBA then exerts forces on the
pore matrix. For the native pores such a flow transition is apparent for both
the core and shell layer and even distinguished in the heat capacity. Similar
to the glass transition, decreasing confinement causes the flow transition to
occur earlier, i.e. at higher temperatures than in the largest pores.

The same behavior for the flow was also seen in silanized pores. In the
smallest pores (d ≤ 20nm) the flow transition is still shifted to higher tem-
peratures though the glass transition is the same or even decreased compared
to the larger pores. Especially interesting is the case of DGEBA in the 20nm
silanized pores where the glass transition is not yet influenced by finite size
effects but is already hindered in its flow at higher temperatures than for
pores ≥ 40nm. These facts indicate that the flow is independent of both
the surface treatment and the glass transition and influenced more strongly
by the confinement size than the glass transition. This means that the flow
is hindered by the geometrical restrictions which fits the interpretation that
the flow transition coincides/can be identified with a change from a constant
pressure regime to a constant volume regime in the pores at lower tempera-
tures.
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A corresponding variation in the thermal expansion can be seen in pre-
vious analysis of salol in porous glasses though it was not evaluated in the
context of flow [22, 23]. However the idea of confinement and negative pres-
sure affecting the density of the confined glass former has long been dis-
cussed in the context of the reduction of the glass transition temperature
[29, 84, 48, 82]. Direct measurements of the density by neutron scattering
[40, 82] and estimations of the negative pressure [23, 45, 90] showed evidence
of a decrease in density compared to the bulk though not of a magnitude and
scale needed to influence the glass transition. Investigations of how the time
scale of the temperature changes affects the density changes [91] showed that,
as could be expected, the density could equilibrate the temperature varia-
tions much better for significantly slowed measurements with heating rates of
0.01K/min. This could affect the flow transition, though such a small heating
rate could as yet not be implemented due to experimental constraints.

The behavior of the liquid is impacted at much higher temperatures than
previously assumed indicating that the filling process and experiments need
to be adjusted and possibly include a much broader temperature regime and
slower heating rates. In light of this new information about the flow of a
glass forming liquid it would be interesting to note what happens with the
expansion and flow in other systems. As yet there are not many investigations
of the thermal expansion of glass formers in porous systems which can prove
valuable in completing the picture of all the different effects.
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