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avenue de la Fäıencerie, L-1511 Luxembourg, Luxembourg
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Abstract. The nature of the glassy state and of the glass transition of structural
glasses is still a matter of debate. This debate stems predominantly from the kinetic
features of the thermal glass transition. However the glass transition has at least
two faces: the kinetic one which becomes apparent in the regime of low relaxation
frequencies and a static one observed in static or frequency-clamped linear and
non-linear susceptibilities. New results concerning the so-called α-relaxation process
show that the historical view of an unavoidable cross-over of this relaxation time
with the experimental time scale is probably wrong and support instead the existence
of an intrinsic glass transition. In order to prove this, three different experimental
strategies have been applied: studying the glass transition at extremely long time
scales, the investigation of properties which are not sensitive to the kinetics of the
glass transition and studying glass transitions which do not depend at all on a forced
external time scale.

3.1 Introduction

Synthetic glassy materials are known for more than 8000 years. Neverthe-
less, the question about the nature of the glassy state and of the thermal
glass transition (TGT) of structural (or canonical) glasses is still open [1–26].
Usually, synthetic glasses belong to the class of structural (canonical) glasses
which behave mechanically as solids, but which have an amorphous, that
means a liquid-like, structure. In other words, glasses are hybrids which have
similarities as well with solids as with liquids. This hybrid nature also be-
comes obvious in the course of the transformation from the liquid to the
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Fig. 3.1. Schematic drawing of the effect of slow and fast cooling on the mass
density ρ of (a) a crystallisable and (b) a non-crystallisable liquid. ρl: mass density
of the equilibrium liquid, ρc: mass density of the crystalline state, ρsc: mass density
of the under-cooled liquid, ρg: mass density of the glassy state

glassy state. On cooling the glass-forming liquid, the transition from the liq-
uid to the glassy state is accompanied by experimental features which may be
attributed to phase transitions as well as to under-cooling effects (Figs. 3.1a,b,
3.2).

Under-cooling means that the temperature of the liquid sample can be de-
creased faster than certain of its physical properties do respond. For instance,
crystallization of a liquid may be prevented by fast cooling if the viscosity
of the liquid increases much faster than nucleation takes place. As a result a
super-cooled liquid is obtained. Figure 3.1a shows schematically this situation
for the mass density ρ for slow and fast cooling. Below the melting tempera-
ture Tm the liquid becomes super-cooled and is therefore out of equilibrium.
The degree of metastability of the super-cooled state depends amongst other
parameters on the glass-forming liquid itself and on the temperature devi-
ation ∆T = (Tm − T ). As a matter of fact the mass density curve of the
super-cooled state is a direct continuation of the equilibrium liquid state. At
still lower temperatures around the so-called thermal glass transition temper-
ature Tg the mass density curve ρ(T ) shows a kink-like anomaly (Fig. 3.1a).
Depending on the sharpness of this kink the volume expansion coefficient αV

shows a step-like anomaly at Tg. Figure 3.1b schematically shows for com-
parison the temperature behaviour of the mass density of a non-crystallisable
liquid (e.g. atactic polymers). The only temperature induced anomaly which
remains is the kink-like anomaly of ρ(T ) at the glass transition temperature
Tg. The question marks in Fig. 3.1a,b stress the open question about the
origin of this kink: is it purely due to a super-cooling effect (Fig. 3.1b) or
to a further super-cooling effect (Fig. 3.1a) or does there exist an intrinsic
event which causes this kink-like anomaly of the mass density? Assuming
that the density-kink is purely kinetically conditioned (“kinetic hypothesis”)
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Fig. 3.2. Schematic drawing of the evolution of a structural glass transition. Mass
density ρ = ρ(T ): the graphics (a) to (f) show the temporal evolution of the mass
density ρ at fixed temperature T

the temperature position of this kink should shift to lower temperatures if
the cooling rate is slowed down. Time-domain investigations, as schematically
drawn in Fig. 3.2a–d, help to elucidate the validity of the “kinetic hypothesis”.

For the thought (time-domain) experiment of Fig. 3.2 we assume that the
mass density ρ is measured in a static way by determining at every temper-
ature T the mass and the volume of the sample. At high temperatures, far
above the freezing temperature Tg, mass-density and volume-changes equili-
brate as fast as the temperature of the sample does. After a temperature step
−∆T the mass density responds almost instantaneously (Fig. 3.2a). As a mat-
ter of fact, on approaching the glass transition temperature Tg from above by
temperature steps −∆T , the recovery of the mass density ρ takes more and
more time t, i.e. ρ(t) is less and less able to follow a temperature step −∆T
(Fig. 3.2b,c). This is due to the fact that glass-forming liquids exhibit inter-
nal degrees of freedom with relaxation times τα, which become very large on
approaching Tg from above and which even show a certain tendency to di-
verge in a temperature interval below Tg (Fig. 3.2e–f). The experimental time
needed to equilibrate the new temperature after a temperature jump −∆T is
assumed to be τm. If at sufficiently high temperatures τm � τα then the mass
density ρ is in internal equilibrium. If the recovery time of the mass density τα

becomes larger than the experimental time constant of the temperature ad-
justment τm, the mass density ρ(t) shows relaxation behaviour (Fig. 3.2a–d).
This relaxation behaviour has been interpreted as the result of cooperative
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interaction of the molecules close the glass transition (e.g. [2]) and is called
the α-relaxation process.

In order to bring the mass density ρ(T ) still to equilibrium the experi-
mental time constant τm has to be increased sufficiently in order to realize
τm � τα or at least τm > τα. For the understanding of the thermal glass
transition the exciting question arises how the process develops in an equi-
librium experiment when decreasing the temperature as slowly as possible
(Fig. 3.2a–f). If on cooling, at a certain temperature Tg the α-relaxation time
τα increases so strongly that τα becomes comparable to τm and even exceeds
τm in that case the “bending temperature” Tg is indicative for the fact that
the mass density ρ(T ) falls out of “equilibrium” (Fig. 3.2a–3.2d–f). In the
following this will be denoted as time trap [15]. If on the other hand, the mass
density curve shows a kink at Tg although the time trap could be avoided, in
that case Tg represents an intrinsic transition temperature (Fig. 3.2a–3.2c,e,f).
The α-relaxation phenomenon is typical for the glass transition in liquids and
will be discussed in Sect. 3.4 of this article as the dynamical aspect of the
thermal glass transition.

Thus, as a consequence of the strongly increasing α-relaxation times in the
vicinity of Tg, there exists an inherent risk for every experiment performed to
measure non-equilibrium properties close to Tg. If the time for temperature
equilibration and/or for the equilibration of the measured quantity exceeds
the “patience of the experimentalist”, non-equilibrium properties are mea-
sured. If, as argued in literature ( see any text book on glasses, e.g. [2]),
the relaxation time τα of the α-relaxation process diverges at a temperature
T0

∼= (Tg − 40) K then the cross-over between τα and the experimental time
scale is unavoidable. If the experiment of interest was driven too fast and as a
consequence captivated in the “time-trap” a so-called ageing process is possi-
ble on a long time scale. This process brings eventually the physical quantity
of interest to its equilibrium value. This specific “kinetic” face of the glass
transition and the question under which conditions quenched physical prop-
erties will age towards their equilibrium values will be discussed in Sect. 3.3.
Whether τα (T ) really diverges at a temperature T0 is rather questionable.

Section 3.5 deals with the problem whether static or quasi-static proper-
ties can be measured in principal around Tg, and what they can tell us about
the mechanisms behind the TGT. Experimental tools are presented which are
at the same time sensitive to large and very small relaxation times and which
are therefore sensitive to test the “time-trap” argument. Another experimen-
tal approach which has the potential to give some insight into the nature of
the thermal glass transition deals with the transition from the dynamically
frozen to the solid state. The fact, that this transition is experimentally ob-
servable gives a strong hint for the existence of an intrinsic glass or ideal glass
transition possibly hidden behind dynamic and kinetic features. Non-linear
elastic properties measured at Tg yield a hint to the development of unex-
pected structural changes at the thermal glass transition. An intrinsic glass
transition would be iso-structural and solid in nature and is for fixed external



3 About the Nature of the Structural Glass Transition 65

Fig. 3.3. Scheme of the most important glass-forming materials as classified by
structure and thermodynamics. SiO2 silicon dioxide, PMMA polymethylmethacry-
late, PVAc polyvinylacetate, DGEBA diglycidilether of bisphenol A, C2Cl4F2 diflu-
orotetrachloroethane, NaCNxCl1−x sodium cyanide chloride mixed crystal

thermodynamic variables a property of the material. In agreement with daily
observations, the static shear modulus is expected to be larger than zero.

An alternative approach to the understanding of the nature of the glass
transition is to avoid in principle the time trap by choosing a type of glass
transition where no external variables are involved in the transition process.
In Sect. 3.6 the scenario of the “chemical glass transition” is proposed as a
scientific vehicle to get an alternative view on the glass transition.

In recent years, in addition to structural glasses further classes of mate-
rials with inherent freezing features have been discovered. Figure 3.3 gives a
schematic drawing about the most important classes of glass forming materials
currently discussed in physics.

Structural glasses are glasses like polymethylmethacrylate (PMMA) or
silicon dioxide (SiO2) which are completely amorphous but behave mechani-
cally like a solid. Spin glasses are usually crystals where the magnetic spins
are randomly oriented but dynamically frozen. Orientational glasses are crys-
talline materials with frozen orientational disorder. Classifying glasses from
the thermodynamic point of view, we distinguish between quenched and ideal
glass-formers. Quenched glasses are glassy systems where the disorder of the
liquid state is conserved due to fast cooling. The fast cooling prevents the
system from crystallization. On the contrary ideal glasses are systems which
have no crystalline reference state with lower free energy.

As a matter of fact, the mechanisms which result in spin glass and/or
orientational glass transitions are much more evident than those leading to
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the glassy state of structural glass formers [27] as there is only one well-
known internal degree of freedom provoking the glass transition. For some
time it was therefore believed that spin glasses and orientational glasses could
be used as rather simple but elucidating model systems for the thermal glass
transition (TGT) in structural glass formers. However, the results met only
in part the expectations [28, 29], but they lead to a better insight into the
main ingredients provoking the freezing process, which are: (i) disorder, (ii)
frustration and (iii) non-linear molecular interactions [27, 30]. Therefore it
makes sense to elucidate the open problems of the thermal glass transition
in structural glasses on the background of those occurring in much simpler
systems like orientational glass-formers.

Hence prior to the discussion of the nature of glass transitions in struc-
tural glasses, three introductory educational examples of orientational glass
formers together with some shortcomings will be discussed: mixed crystals
of the type Na(CN)xCl1−x, single crystals of sym-C2Cl4F2 (difluorotetra-
chloroethane, DFTCE) and poly-siloxane side-chain liquid crystals.

Cyanide mixed crystals are molecular crystals of the type M(CN)xZ1−x

and MxX1−x(CN) (where M and X stand for alkali metals and Z for halo-
genide ions). They are obtained by mixing different pure alkali cyanides or
pure alkali cyanides with alkali halogenides. The concentration x very strongly
influences the structural phase transition behaviour compared with the pure
alkali cyanides. In the following we deal with Z = Cl and M = Na. With
decreasing temperature pure NaCN undergoes a strong first-order ferroelastic
phase transition at Tc ∼ 285 K from cubic to rhomboedric symmetry. Usu-
ally, the crystal does not mechanically survive this transition and breaks into
pieces. Brillouin spectroscopy (see Sect. 3.2), however, is able to measure in
the temperature regime below Tc by focussing the scattering volume into one
of the intact domains. Figure 3.4 shows a decrease of the shear elastic stiff-
ness on approaching Tc from higher temperatures followed by a huge jump
into the low-temperature phase. Obviously c44 is the order parameter suscep-
tibility related to this transition. By decreasing the CN-concentration x the
transition temperature Tc from the cubic to the rhomboedric phase can be
shifted continuously to lower temperatures.

In the case of M(CN)xZ1−x crystals the average cubic symmetry observed
in the high temperature phase remains unchanged for all temperatures if the
concentration x is lower than a critical value xc [28]. In this concentration
range (x < xc) there is no more structural phase transition observed in the
temperature dependence of different physical parameters, but the system is
believed to undergo an orientational glass transition [27,28,31–36] at a definite
temperature characterized by the existence of a minimum value of the shear
elastic stiffness c44(T ).

Figure 3.5 demonstrates this behaviour for the critical concentration
xc ∼ 0.65. Compared with pure NaCN (Fig. 3.4) the strong softening of
c44 = c44(T ) is maintained but the first-order character of the c44-anomaly
is completely lost. The transition temperature largely shifts from Tc = 287K
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Fig. 3.4. Temperature dependence of the elastic shear stiffness c44 of NaCN around
the phase transition from the cubic (T > Tc) to the rhomboedric phase (T < Tc)

Fig. 3.5. Temperature dependence of c44 and the related acoustic attenuation Γ44

of the mixed molecular crystal NaCNxCl(1−x) with x = xc ∼ 0.65

to Tcg = 153K. The identification of Tcg as the glass transition temperature
originates from the fact that there is a continuous approach of the first-order
phase transition anomaly with increasing Cl-concentration to this minimum
of c44 = c44(T ). In other words this orientational or quadrupolar glass tran-
sition emerges from a first order transition due to an increase of positional
disorder (CN→Cl) and due to orientational frustration. This interpretation is
in clear contradiction to the observations in “quenched structural glasses”. In
the latter glasses the glass transition temperature Tg is always well below the
melting point Tm.
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A striking feature of Fig. 3.5 is the observation that the c44-minimum
is accompanied by a maximum of hypersonic loss. This behaviour recalls a
dynamic glass transition of structural glass formers rather than that of a
static glass transition. That objection against the current interpretation [32]
is supported by the fact that the temperature where this minimum takes place
is frequency dependent, that also indicates its dynamical character.

The nature of this glass transition seems to be spin glass-like [27,30,37,38].
It is well known that pure NaCl does not show any glass-like behaviour. In
so far it is interesting to know to which extent the glassy behaviour imposed
by the disorder of the CN-dipoles is still active. According to Fig. 3.6 the
minimum within the c44 = c44(T ) curve is still present at the rather low CN-
concentration of x = 0.2 which indicates that some relaxation processes are
still present at hypersonic frequencies below T = 150K [37].

This result raises the question, whether the earlier interpretation of the
orientational glass transition in alkali halides was not wrong and whether
eventually a quasi-static glass transition does exist at even lower temperatures.
If this view of this kind of “spin glass transition” was correct in that case,
the similarities to the TGT of structural glass formers would be much more
intimate.

The theoretical description of c44(T, x) has been subject of numerous
papers [e.g.] [27, 31, 39, 40]. A consistent application of theoretical models
to the experimental data has not given a satisfactory description of the
behaviour, as a function of temperature and concentration, in the range
x < xc. The consistency of the theory requires that the concentration- and
temperature-dependent properties of c44 should be described with a unique

Fig. 3.6. Temperature dependence of the elastic shear stiffness c44 of NaCNxCl1−x

as a function of the concentration x of CN-dipoles
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Fig. 3.7. Temperature dependence of the specific volume v and the refractive index
n of DFTCE

set of parameters independent of concentration and temperature in both con-
centration ranges x > xc and x < xc.

An orientational glass transition (spin glass transition) which is much more
similar to the one in structural glass formers was found for symmetric difluo-
rotetrachloroethane (C2Cl4F2 = DFTCE) [41,42]. This material is at ambient
temperature a plastic crystal with cubic symmetry (bcc) [29], which, even in
the polycrystalline state, doesn’t show optically any grain boundaries. More-
over the DFTCE molecules rotate and undergo permanently trans-gauche
transitions according to Boltzmann statistics. Both dynamics interfere but are
compatible with the bcc-symmetry. With decreasing temperature the molecu-
lar rotations slow down and freeze below the actual structural phase transition
(Tc = 130K) [42]. The trans-gauche transitions are still present and lead to
some molecular disorder and frustration. At the glass transition temperature
slightly below 90K (Fig. 3.7) the super-cooled cubic DFTCE transforms from
the dynamically disordered cubic state to the statically disordered cubic state.
Therefore, the frozen disorder is predominantly an intramolecular disorder.

DFTCE single crystals have been grown on ultrathin mono-crystalline
films of polytetrafluoroethylene (PTFE) [43, 44]. Figure 3.8 shows the elastic
indicatrix of a thin DFTCE crystal plate with a thickness of 50 µm as measured
with Brillouin spectroscopy (see next section) at ambient temperature. The
crystal orientation is believed to be such that the large faces of the crystal
plate correspond to cubic faces.

Figure 3.7 shows the temperature dependence of the specific volume and of
the refractive index of this DFTCE sample. Both curves show the typical kink-
like behaviour usually observed at the TGT of structural glass formers. The
specific volume v was measured by x-ray analysis of the cubic lattice. The
refractive index n was calculated using the Lorentz-Lorenz relation [45, 46]
(see Eq. (3.2)) and calibrating the specific refractivity by n-measurements on
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Fig. 3.8. Elastic indicatrix of an arbitrary crystal cut of cubic DFTCE. The filled
squares represent the quasi-longitudinally polarized acoustic phonon branch and the
open circles represent the quasi transversely polarized acoustic phonon branch

DFTCE at ambient temperature using an Abbé refractometer. The specific
refractivity was taken as temperature independent. It should be stressed that
the specific volume measurements based on x-ray analysis are much more
reliable than dilatometer and pyknometer measurements as used for poly-
mers. Of course the refractive index data depend on the chosen model of
Lorenz-Lorentz. The kink-like behaviour of the specific volume curve around
the TGT signifies a step-like behaviour of the thermal expansion coefficient at
Tg whereby the specific volume is lower in the frozen than in the dynamically
disordered state of the sym-C2Cl4F2 molecules. For structural glass formers
usually Tg is interpreted as the temperature at which the free volume becomes
minimal [11,12]. Below Tg the glass forming material behaves solid-like. Since
DFTCE is already a solid above Tg, the latter interpretation of the step-like
change of the thermal expansion coefficient cannot be used. In other words, in
a dense single crystal of cubic symmetry the classical concept of free volume
becomes meaningless. For single crystals the concept of anharmonicity of the
elastic interaction potential rather than the concept of free volume has to be
taken into account. Applying this argument to the thermal glass transition of
DFTCE it has to be concluded that the intermolecular interaction potential
changes discontinuously at its TGT (s. a. below).

Using Brillouin spectroscopy (see Sect. 3.2) we have also studied the tem-
perature dependence of the longitudinal hypersound velocity. It turns out
(Fig. 3.9) that the hypersonic velocity also behaves kink-like at the glass
transition temperature Tg ∼ 87 K. Thus, at hypersonic frequencies the sound
velocity is frequency-clamped near Tg and behaves qualitatively like the
density and the refractive index. In contrast to the orientational glass transi-
tion in alkali halide mixed systems any elastic softening or elastic discontinuity
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Fig. 3.9. Temperature dependence of the longitudinal sound velocity v and of the
specific heat capacity cp of DFTCE

is absent. Moreover, there is no pronounced acoustic attenuation in the vicinity
of the TGT. Therefore the phenomenological properties of DFTCE at its ther-
mal glass transition are much more similar to those of structural glass-formers
than to those of orientational glasses as discussed above for M(CN)xZ1−x.

This point of view becomes strengthened by the temperature dependence
of the specific heat capacity of DFTCE at Tg (Fig. 3.9). The specific heat
capacity grows step-like with T at the TGT as it is characteristic for structural
glass-formers. It has to be stressed that the specific heat capacity anomaly
does not show the typical “Landau-behaviour” [47] usually observed at phase
transitions of second order. Hence we conclude that the phenomenological
properties of cubic DFTCE behave at about 87 K exactly in the same way as
it is observed for structural glass formers at their TGT.

As already mentioned above, the kink-like anomaly observed for the spe-
cific volume and the sound velocity at Tg of DFTCE suggests a sudden change
of the elastic interaction potential. For cubic crystals such changes can be
probed by the so-called mode-Grüneisen parameters γ (s. a. Sect. 3.6) intro-
duced by Mie and Grüneisen [48–51]. These parameters depict the relative
change of the acoustic phonon frequency of a given acoustic phonon mode
with the relative change of the density of the cubic crystal.

γ(p, q) =
ρ

ω(p, q)
∂ω(p, q)

∂ρ
(3.1)

where ω = 2πf is the phonon frequency, p is the polarisation of the phonon,
q is the phonon wave vector and ρ is the mass density. It is worth noting
that Brillouin spectroscopy meets exactly the measuring conditions for mode-
Grüneisen parameters provided the specific volume of the crystal of interest is
known: how do the phonon mode frequencies change if the crystal expands or
shrinks? The origin of the expansion or shrinkage is not defined in Eq. (3.1),
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but one can think of pressure or temperature or any other parameter which can
make a crystal expand or shrink. It is obvious that a kink in the sound velocity
(or sound frequency) curve does not necessarily imply a discontinuity in the
mode-Grüneisen parameters. At least in principle, the kink in the specific
volume curve could compensate the effect in the acoustic phonon frequency
(sound velocity).

For cubic DFTCE a very comfortable situation exists since precise acoustic
phonon frequencies as well as precise specific volume data are available. Con-
sequently, the longitudinal mode-Grüneisen parameter can be determined
unambiguously. Figure 3.10 shows for DFTCE the longitudinal acoustic
phonon frequency fL as measured by Brillouin spectroscopy and the longitu-
dinal mode-Grüneisen parameter γL. The mode-Grüneisen parameter shows
a strong discontinuity at the thermal glass transition. Slightly below Tg the
parameter γL is smaller than just above Tg. γL ∼ 4 is a reasonable value for
a frozen plastic crystal [52]. This discontinuity of γL at Tg signifies an abrupt
change of the elastic interaction potential at the glass transition of cubic
DFTCE (see Sect. 3.6). Such a discontinuous change of the elastic interaction
potential in a crystal strongly suggests the existence of a phase transition.
Taking into account that DFTCE remains cubic in average, this phase tran-
sition should be isostructural in nature. It should be stressed again that the
kink-like behaviour of the longitudinal acoustic phonon frequency and of the
specific volume data has nothing to do with a simple loss of free volume as it
is found for liquids and structural glass formers. It is obvious, that the role
of free volume will play a crucial role in the interpretation of the TGT of
structural glass formers.

Fig. 3.10. Temperature dependence of the longitudinal sound frequency fL and the
longitudinal mode-Grüneisen parameter γL around the thermal glass transition of
DFTCE
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Fig. 3.11. Schematic drawing of a polymer side-chain liquid crystal in its isotropic
and its nematic state

Whereas the main feature of crystals is their translational order, the main
feature of classical liquid crystals like 4-methoxybenzylidene-4’-butylaniline
(MBBA) is their orientational order. Similar to crystals, for liquid crystals
there exists a hierarchy of order which ranges from the nematic state to the
different smectic states [53–56]. Classical liquid crystals are difficult to vitrify.
The situation is different for polymer side-chain liquid crystals (PLC) [56–58].
Figure 3.11 shows schematically the isotropic and the nematic structure of
PLC’s. The polymer backbone is even in the nematic state distributed at
random (random coil) provided the spacer molecules, usually n-alkane chains,
are sufficiently long. In the so-called isotropic state the mesogenic groups also
show random orientational order. In the nematic state an orientational order
of the mesogenic groups forms along the director axis n. The transition from
the isotropic to the nematic state is usually of weak first-order. This holds true
e.g. for the refractive index. The material remains “liquid” in the isotropic as
well as in the nematic state. Because of the continuously broken orientational
symmetry the director can point in any direction of space [59]. Therefore
liquid crystals are usually in a polydomain state. For our measurements we
have homogeneously oriented the PLC on an ultrathin film of monocrystalline
PTFE.

Figure 3.13 shows the sound velocity indicatrix of a poly-siloxane side-
chain liquid crystal (Fig. 3.12) measured at ambient temperature which means
in the nematic state. It is worth noting, that the nematic state has fibre-
symmetry. In contrast to the elastic behaviour of classical nematic liquids,

Fig. 3.12. Structural formula of poly-siloxane
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Fig. 3.13. Sound velocity v indicatrix (longitudinal: solid squares, transverse: open
circles) of a poly-siloxane polymer side-chain liquid crystal measured within the
nematic state. 0 degree indicates the direction of the director n

PLC’s show a pronounced elastic anisotropy. The longitudiual sound velocity
is maximal along the direction of the director n which indicates that in PLC’s
there exists a coupling between the nematic order parameter and the elastic
deformation. This coupling is obviously provided by the randomly oriented
polymer main chain when a solid-like behaviour, indicated by the existence of
an acoustic shear mode, sets in (Fig. 3.13).

Figure 3.14 shows the temperature dependence of the sound velocities
of the main acoustic modes propagating in the (3, 1)-plane. The 3-axis was
chosen to be directed along the director n and the 1-axis is orthogonal to
the 3-axis. As expected, within the high temperature phase, i.e. the isotropic
phase, there is only the longitudinal acoustic mode. At the isotropic → ne-
matic transition temperature Tni the longitudinal phonon splits up into two
modes displaying the change of symmetry. The acoustic shear mode is still
not detectable. The reasons for that behaviour are the liquid nature of the
material and its low viscosity at Tni. So the shear mode is believed to be
overdamped (no acoustic shear mode propagation).

The sound velocity curve v3L shows an inflection point at about 325 K.
At this inflection point a hypersonic loss maximum is absent. Therefore the
inflection point cannot be interpreted in terms of a dynamical glass transi-
tion. In consequence the increase in slope below the inflection point needs
an alternative explanation. Between Tni and the inflection point the splitting
of the longitudinal modes is probably dominated by the temperature evolu-
tion of the nematic order parameter (degree of alignment of the mesogenic
side-groups along the director). Since the order parameter has to level with
decreasing temperature, the ongoing freezing of the molecular ensemble starts
to dominate the acoustic behaviour below the inflection point. The increas-
ing elastic hardening of the polymer matrix emerges in the appearance of the
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Fig. 3.14. Sound velocities v of the principle sound modes of poly-siloxane side-
chain liquid crystals as a function of temperature

intrinsic stiffness of the oriented mesogenic side groups. This interpretation
is based on the idea that the mechanical behaviour of the two component
system (mesogenic groups and polymer matrix) can be approximated by the
Reuss-model [57]. This view is supported by the appearance of the acoustic
shear mode v4L.

Thus Fig. 3.14 clearly shows the influence of anisotropy of the isotropic
polymer main chain matrix on the hypersonic velocities. The dynamical freez-
ing process influences predominantly the longitudinal acoustic mode propagat-
ing along the direction of the order parameter rather than orthogonal to this
direction. That means, that similar to the freezing behaviour of the quadrupo-
lar glass NaCNxCl(1−x) and in contrast to the behaviour of DFTCE there is
an intimate coupling between the order parameter of the nematic state and
the dynamic mechanical properties of the matrix on approaching the thermal
glass transition.

The common kink at Tg = 277 K in all three acoustic modes indicates the
static glass transition. Below Tg = 277 K the poly-siloxane becomes an orien-
tationally ordered solid. The elastic properties have to be described with an
elastic tensor of full fibre symmetry now. Within the glassy state the sound
velocities change only moderately with temperature. As in the case of DFTCE
and in contrast to the transition behaviour of NaCNxCl1−x the glass transi-
tion in PLC’s is well below the structural phase transition. It is worth noting
that the hypersonic velocities behave again kink-like at the static glass transi-
tion. Since the kinetic view of the glass transition does not know an intrinsic
static transition temperature the v3L branch of the liquid phase could be ex-
trapolated to much lower temperatures if infinitely slow cooling is assumed.
Because of the strong slope of v3L this would lead to an unreasonably high
elastic stiffness c33. Therefore the appearance of the TGT is expected in order
to reduce the strong slope of the acoustic mode v3L. This glass transition is
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again accompanied by a step-like behaviour of the mode-Grüneisen parame-
ters. The argument for that statement will become clear in Sect. 3.6, but bases
on the fact that the change in slope for both longitudinal acoustic modes is
different, whereas the one for mass density is the same for both modes.

In the following we shall definitively leave the ordered state and concen-
trate on purely amorphous, i.e. structural, glass formers but we shall use the
concepts introduced above. In order to understand the nature of canonical
glasses and of the TGT we shall concentrate our interest on structural glasses
of the “quenched” and the “ideal type”.

Quenched glasses are formed by freezing supercooled liquids. Thus quenched
glasses usually exhibit a crystalline reference state and suffer the risk of re-
crystallization. In this respect this kind of glasses might be bad candidates for
investigations of the relaxation behaviour in the long time limit at the TGT
as the glassy state is metastable. However, the usefulness of quenched glasses
for the investigation of the TGT depends on the rate of recrystallization.

In order to be sure that only glass transition properties are probed at the
TGT ideal glass formers should be chosen as model substances. Ideal glasses
are characterized by the fact that they do not exhibit a crystalline or any
other reference state which is more stable than the liquid phase. Therefore
these materials transform necessarily from the stable liquid state into the
glassy state, which stability is the matter of debate.

Figure 3.15 shows for atactic polymer chains in a schematic way the frus-
tration mechanism preventing these systems from crystallization. Allowing
the monomers of type A and B to polymerize in an atactic, i.e. statistically
disordered, manner, it is obvious that these macromolecules can hardly form
a crystal with translational symmetry.

With increasing molecular chain length due to the chemical reaction, the
molecular dynamics will slow down and may even result in a glassy state at

Fig. 3.15. Schematic drawing of an ideal glass-former based on the concept of
atactic polymers
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a given temperature (chemical glass transition see Sect. 3.6). The same effect
can be observed for a molecular system of given chain length by decreasing the
temperature of this system. In both cases the molecular translation diffusion,
a basic feature of a liquid, will be hindered. Whereas there exists no debate on
chemical freezing, thermal freezing is usually interpreted as the competition
of the intrinsic time scale (α-relaxation process) with the patience of the ex-
perimentalist [21,60]. This means that the experimentalist does not wait long
enough after a temperature perturbation for the relaxed equilibrium value of
the measured susceptibility to be reached. This cross-over problem, sometimes
called “time trap” [49, 50], is complicated by the fact that the α-relaxation
time does not behave Arrhenius-like but increases stronger than exponential
with decreasing temperature. It even seems that the α-relaxation time di-
verges at a finite temperature T0, called the Vogel-Fulcher-Tammann (VFT)
temperature [61, 62]. Equation (3.2) displays the phenomenological relation
between temperature and the related α-relaxation time τα

τα = ω−1
α = τα0 · exp [∆G/ (R (T − To))] (3.2)

ωα is the relaxation frequency of the α-relaxation process, τ−1
α0 is the so-called

attempt frequency. ∆G is the free activation enthalpy and R is the general
gas constant.

However, this relation has never been verified experimentally close to the
VFT-temperature T0. Keeping in mind that T0 indicates the existence of an
intrinsic glass transition at which all relevant relaxations are frozen, it is clear
that the above-mentioned cross-over of the α-relaxation with any experimental
time scale cannot be avoided. This is a strong argument of the kinetic view
of the TGT. However this view is based on the divergence of the α-relaxation
time which has never been proven experimentally.

The experimentally found thermal glass transition temperature is usually
about 30–40 K above T0. At such a distance from the temperature T0 where
the time constant diverges it should be at least in principle possible to verify
to which extent the operative glass transition temperature can be shifted or
whether there is a definite low-temperature boundary for this transition [15].

Thus the main questions concerning the understanding of the TGT are
whether there exists, at sufficiently slow cooling, an underlying phase tran-
sition [15] to an ideal glassy state, or whether the TGT simply signifies the
cross-over of the α-process with typical time constraints of the experimental
technique (including the patience of the scientist) [15].

If the TGT is a purely kinetic effect, there will be only limited interest
in this event. If on the other hand there is an underlying phase transition, in
that case the question will arise about the nature of the glassy state of matter.
In the latter case it will be necessary to introduce in addition to the three
classical states of matter (gaseous, fluid and crystalline solid state) a forth
state of matter: the structural glassy state. The importance of the problem
makes it necessary not only to present and discuss new results but also to
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reconsider some older data which are often used as witnesses for the kinetic
view of the TGT.

The α-process discussed here should not be confused with the high temper-
ature α-process discussed in mode-coupling theories [3]. Mode-coupling theory
predicts the possibility of an ideal glass transition at temperatures typically
30–40 K above the TGT. This glass transition is believed to be prevented due
to so-called hopping processes which finally die out at the TGT.

3.2 The Method of Brillouin Spectroscopy

For the present work Brillouin spectroscopy (BS) is the central experimental
technique. Although this technique is well-established [63–65], its power is not
sufficiently known. Moreover, in recent years BS has been not only applied in
new fields of physics but it has been developed further in order to give new
physical information in addition to the hypersonic properties. Therefore, this
method deserves an introduction.

BS is an optical technique which is predominantly used to investigate
acoustic properties at hypersonic frequencies. Hence, BS can be applied only
to transparent materials, at best to translucent materials. The acoustic wave-
lengths involved are in the range of 200 nm to several µm. Figure. 3.16 shows
a modern Brillouin set-up being able to measure simultaneously at different
scattering vectors or in other words in different scattering geometries. For the

Fig. 3.16. Schematic presentation of a Brillouin spectrometer which can be used
to measure within three different scattering geometries (even simultaneously):
backscattering (180◦), 90R-scattering and 90A-scattering (see Fig. 3.18). The sample
holder allows for change of temperature (T ), translational movement of the sample
(∆x) and rotation of the sample (ϕ)
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sake of simplicity, the sketched Fabry-Pérot interferometer is of the single-pass
type. In modern BS multi-pass instruments or even Tandem spectrometers are
used [66].

The spectral light intensity distribution measured by the Fabry-Pérot in-
terferometer is converted by a photomultiplier into a suitable electronic pulse
sequence which is then accumulated with a photon-counting system, usually
an amplifier and discriminator combined with a so-called multichannel ana-
lyzer (MCA) (see Fig. 3.16). An example for a typical Brillouin spectrum is
shown on the screen of the MCA.

Generally the scattering intensity I(q, ω) per solid angle and frequency
interval is proportional to the space and time Fourier transform Fr,t{A} of
the autocorrelation function A [67, 68]

Aklmn = 〈δα∗
kl(r, t) · δαkl(r′, t′)〉 (3.3)

of the optical polarisability fluctuations δαkl(r, t) in the scattering volume [67]

Isi (q, ω) ∝ Fr,t {A} (3.4)

The subscripts s and i mean scattered and incident respectively, and refer
to the appropriate polarization directions of the light waves here. Omitting,
for simplicity, the tensor properties of δα we see that the spectral power
density Isi(q, ω) is proportional to the mean square fluctuation component at
frequency ω:

Isi (q, ω) ∝ (δα (q))2ω (3.5)

All kind of excitations like phonons, excitons, spin waves and so on may
contribute to the spectral power density. Also higher-order processes as multi-
phonon interactions may be included formally in this phenomenological treat-
ment by expanding δα(q) into a power series in terms of symmetry coordi-
nates [69].

Assuming a certain excitation mode characterized by an extensive para-
meter Ψ(q, ω) a conjugated force F (q, ω) and susceptibility χ(q, ω), the linear
law reads

ψ (q, ω) = χ∗ (q, ω) · F (q, ω) (3.6)

The spectral power density I(q, ω) can be related to the imaginary part
of χ∗(q, ω) by the fluctuation-dissipation theorem [68]

I (q, ω) ∝ (n (ω) + 1) Im (χ∗ (q, ω)) (3.7)

where
1

n (ω)
= exp

(
�ω

kT

)

− 1 (3.8)

The relation may be extended to include several, say s, coupled modes Ψj . To
obtain the resulting field of generalized forces one has to add the contributions
of the s modes
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Fi =
s∑

j=1

γij · ψj (3.9)

Where the diagonal elements of the matrix γ represent the inverse complex
susceptibilities of the uncoupled modes, the off diagonal elements characterize
the complex mode-mode coupling strength. Inverting Eq. (3.9) one gets the
mode amplitudes

ψ∗
k =

s∑

i=1

χ∗
ki · Fi (3.10)

The susceptibilities χ∗
ki determine the scattered light spectrum

I (q, ω) ∝ (n (ω) + 1) Im




s∑

i,j=1

pipjχ
∗
ij (q, ω)



 (3.11)

The coefficients pi are related to the light scattering cross sections of the
various modes and can be described for example by appropriate components
of the elasto-optic tensor [70].

Considering only two modes and abbreviating the sum in Eq. (3.11) by
χ∗(q, ω) the result is

χ∗ (q, ω) =
γ∗22p

2
1 − 2γ∗12p1p2 + γ∗11p

2
2

γ∗11γ
∗
22 − (γ∗11)

2 (3.12)

or

χ∗ (q, ω) =
p2
1

γ∗11 − (γ∗12)
2
χ0

2
∗ +

p2
2

γ∗22 − (γ∗12)
2
χ0

1
∗ − 2p1p2

γ∗11γ
∗
22 − (γ∗12)

2 (3.13)

Here χ0∗
i = γ∗−1

ii means the susceptibility of the uncoupled mode i and
(γ∗12)

2
χ0∗

i is related to its self energy. It may happen that the mode Ψj does
not produce any change of the polarizability, so pj = 0 and only one term of
Eq. (3.13) will be left. In order to give an example, the elasto-optic coupling
for transversely polarized acoustic phonons is often extremely small.

The specific form of the light scattering spectrum will depend mainly on
the characteristics of the inverse susceptibilities γ∗jj of the uncoupled modes.
Taking for a damped harmonic oscillator with the damping constant Γ and
an oscillator strength γj0

γ∗jj = γj0

(
ω2

j − ω2 + i · ω · Γj

)
(3.14)

and for a relaxator with a relaxation time τ

γ∗jj = γj0 (1 + i · ω · τj) (3.15)

it is easy to predict the form of the scattering spectra. However, experiments
do not give sufficient information for an unambiguous analysis. Already in the
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two-mode case the complex factor γ12 cannot be deduced definitely if coupling
appears.

From (3.14), (3.15) together with (3.11) the spectral power density of one
relaxator and one oscillator being uncoupled can be deduced. The imaginary
part of the inverse of (3.14) is:

Im [χ∗]Osc =
(
γ−1
0

)
Osc

ω · ΓOsc

(ω2
Osc − ω2)2 + ω2 · Γ 2

Osc

(3.16)

For the relaxator the imaginary part of the inverse of (3.15) is:

Im [χ∗]Rel = Im
[
γ∗−1

]
Rel

=
(
γ−1
0

)
Rel

ω · ΓRel

ω2 + Γ 2
Rel

(3.17)

with ΓRel = 1
τRel

.
Combining (3.16) and (3.17) with (3.11) and ignoring the coupling yields:

I (q, ω) ∝ (n (ω) + 1)
[
(
γ−1
0

)
Rel

· p1 · ω · ΓRel

ω2 + Γ 2
Rel

+
(
γ−1
0

)
Osc

· p2 · ω · ΓOsc

(ω2
Osc − ω2)2 + ω2 · Γ 2

Osc

]

. (3.18)

Equation (3.18) gives the shape of a spectrum typical for a liquid of small
viscosity consisting of a central peak due to entropy fluctuations and fre-
quency shifted Stokes- and anti-Stokes lines related to density fluctuations
resulting in a longitudinally polarized bulk phonon. It is worth noting that
Eq. (3.18) gives the physical spectrum of the scattering processes involved, it
does not contain the filter properties of the spectrometer. In order to get the
information of Eq. (3.18) from a measured spectrum the latter one has to be
deconvoluted. Generally, the deconvolution is a difficult task and is done by
numerical techniques.

The Kinematic View of Brillouin Spectroscopy

The kinematic view of BS couples energy and momentum of the interacting
photons and phonons involved in the scattering process. As usual in inelastic
scattering processes energy and momentum conservation holds [63,64]:

�ωs = �ωi ± �Ω (3.19)
�ks = �ki ± �k (3.20)

where ωi, ωs and Ω are the frequencies of the incident light, of the scattered
light and of the phonon, ki, ks and q are the respective wave vectors and Θ
is the scattering angle within the sample (see Fig. 3.17).

Focussing still on a simple liquid and taking into account, that the
energy transfer between photons and phonons is in BS extremely small
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Fig. 3.17. Typical scattering diagram for wave vectors: ki wave vector of the inci-
dent light, ks wave vector of the scattered light, q scattering vector, Θ scattering
angle

(5 · 109/5 · 1014 = 10−5) the vectors ki and ks have almost the same length.
Provided, acoustic attenuation is negligible (ΓOsc 	 Ω) the phase sound ve-
locity can simply be calculated from geometric arguments. Using Eq. (3.19)
and Eq. (3.20), and considering the refractive index n of the sample one can
easily determine the sound velocity v related to a specific mode (longitudinal,
transverse, etc.):

v =
Ω

q
=

Ω

2π
λLaser

2n sin
[

θ
2

] (3.21)

Knowing the mass density ρ of the sample under investigation, the elastic
modulus related to the wave vector q can be calculated:

c (q) = ρ · v2 (q) (3.22)

Scattering Geometries and Pitfalls

As is seen from Eq. (3.21) the acoustic wavelength

Λ =
2π
q

=
λLaser

2n sin
[

θ
2

] (3.23)

depends on the vacuum wavelength λ of the laser, on the scattering angle θ
within the sample and on the refractive index n of the sample. As a conse-
quence of latter influence the acoustic wavelength is e.g. not invariant under
changes of temperature which may be a real problem in interpreting Brillouin
data.

Fortunately, one of the scattering geometries shown in Fig. 3.18 yields an
acoustic wave vector which is independent of the refractive index: the 90A-
scattering geometry.

The relations between sound velocity, sound frequency and sound wave-
length are as follows for the different scattering geometries [66,71]:
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Fig. 3.18. Typical scattering geometries used for Brillouin spectroscopy. (a) 90N-
scattering geometry, (b) 90A-scattering geometry, (c) combination of 90A- and 90R-
scattering geometry, (d) back scattering geometry

v90N (T ) =
Ω90N (T )

2π
λLaser

2n(T ) sin
(

90◦

2

) (3.24)

v90A(T ) =
Ω90A(T )

2π
λLaser

2 sin
(

90◦

2

) (3.25)

v90R(T ) =
Ω90R(T )

2π
λLaser

2n(T ) sin
(

90◦

2

) (3.26)

and

v180(T ) =
Ω180(T )

2π
λLaser

2n(T )
(3.27)

Besides Eq. (3.25) all other equations depend on the refractive index n
of the sample, which means, that the acoustic wavelength depends on the



84 J.K. Krüger et al.

refractive index n. In the case of Eq. (3.25) the refractive index enters the re-
fraction process and the phase velocity in a compensating manner and there-
fore the sound wavelength becomes independent of n.

Provided sound dispersion is absent, Eq. (3.25) in combination with
Eqs. (2.22, 2.24) and (3.27) can be used to calculate the refractive index
from Brillouin data

n(T ) =
1√
2
Ω180 (T )
Ω90A(T )

(3.28)

n(T ) =
Ω90N (T )
Ω90A (T )

(3.29)

If the samples have an isotropic symmetry Eqs. (3.28) and (3.29) can be
used to determine the refractive index of the samples.

If for the frequencies of interest acoustic relaxation processes are active,
the right-hand sides of Eqs. (3.28) and (3.29) no more represent the refractive
index but the so-called opto-acoustic dispersion functions (D-function) [66,72].
The difference D(T ) − n(T ) gives a measure for dispersion respectively the
relaxation strength if present. Further information can be found in Sect. 3.5.

In the case of film- or plate-like samples which have reflecting substrates
on one side there exists an alternative scattering geometry, which we call
the RIθA-scattering geometry [72]. It measures the scattered light from the
laser beam at the substrate and combines the advantages of the 90A- and
the backscattering technique. Figure 3.19 shows schematically the specific
properties of this scattering technique.

The RIθA-scattering geometry [72] is not restricted to an outer scattering
angle of 90◦ but can be applied for any outer scattering angle θ. Thus the
RIθA-scattering geometry results in an a priori backscattering situation with

Fig. 3.19. Schematic drawing of the so-called RIθA-scattering geometry. N1, N2
rotation axes, L1–L4 lenses, P prism, ph pinhole, Mi mirror, FP Fabry-Pérot-
Interferometer
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the possibility to measure in addition a θA-phonon with a wave vector qθA,
which, because of the optical reflection law, is oriented in the film plane.
Rotation around the N2-axis changes the magnitude of qθA but maintains
its direction. Rotation of the sample around the N1-axis probes the in-plane
acoustic symmetry.

3.3 The “Kinetic Face” of the Structural
Glass Transition

In this section we will review some generally accepted results from literature
on kinetic features of the glass transition and discuss some new decisive ex-
perimental data. By “kinetic aspects” we mean the influence of the cooling or
heating procedure of the sample on the glass transition. So we will analyse the
loss of thermodynamic equilibrium of the sample due to those temperature
changes which are necessary to bring the sample closer to the glass transition.
As already discussed briefly in the introduction, the main unsolved problem
about the glass transition concerns the possibility of the existence of a phase
transition possibly hidden by kinetic effects.

It is clear, that glasses are solid in the glassy state from an empirical point
of view. From the structural point of view they are amorphous as confirmed
by x-ray diffraction. Thus the symmetry of the glassy state is isotropic, which
is obviously the same as for the liquid state. Consequently, if the TGT was a
structural phase transition this transition would be of the iso-structural type.

In literature on glasses (e.g. [73–83]) the TGT is often discussed in terms
of the temperature dependence of the shear viscosity η44 (we use the Voigt
notation [84]). Figure 3.20a shows schematically the increase of this viscosity
around the thermal glass transition temperature Tg. In literature on glasses
one usually finds the argument that very close to Tg the shear viscosity takes

Fig. 3.20. Schematics of the temperature-dependence of (a) the visocisity and (b)
the static shear modulus at the glass transition
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Fig. 3.21. Logarithmic viscosity versus the renormalized temperature Tg/T for
several typical glass formers

values up to about 1012 Pa s. Sometimes a viscosity of 1012.3 Pa s [73,78,79,85]
is used as a definition for the glass transition.

However, the temperature dependence of η44 is not the same for differ-
ent glass-formers. Strong glass-formers (c.f. Fig. 3.21, data from [85]) show
an Arrhenius-like temperature behaviour of η44 whereas fragile glass-formers
behave VFT-like (c.f. Eq. (3.32)). In order to test the degree of fragility we
have fitted some of the data (straight lines in Fig. 3.21) to the VFT-law using
the Maxwell relation:

η44 = c∞44 · τα (3.30)

In Eq. (3.30) c∞44 is the dynamically clamped shear modulus which is as-
sumed to show only a slight temperature dependence and τα(T ) is the re-
laxation time of the α-relaxation process according to Eq. (3.32). The fitted
curves in Fig. 3.21 show, that different glass formers tend to very different vis-
cosities close to Tg and that a limiting value for the shear viscosity of 1012 Pas
is only a rough estimate. Thus, η44(T ) seems not to be a good quantity in or-
der to describe the TGT. In addition, the viscosity is a transport coefficient,
usually defined for liquids. It seems that a susceptibility, like a mechanical
modulus, defined for the liquid and the solid state, is more appropriate.

At least for fragile glass-formers the static shear stiffness seems to be more
suitable to describe the transition from the liquid to the glassy state. By def-
inition the static shear stiffness cs44 is zero in the liquid state. Glasses, on the
other hand, show a static shear stiffness cs44 > 0 (at least on all accessible time
scales) indicating an elastic stability comparable to that of crystals. The ex-
pected jump-like behaviour of the static shear modulus at Tg is schematically
drawn in Fig. 3.20b.
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Fig. 3.22. Temperature dependence of the specific volume v of PVAc (dots taken
from Kovacs [86]) around the glass transition after different cooling procedures

The kinetic face of the TGT in structural glasses is usually shown by
demonstrating the ageing behaviour of volume data in the glassy state. In
Fig. 3.22 specific volume data of polyvinylacetate (PVAc) given by Kovacs [86]
are reconsidered and compared to recent data gained from refractive index
measurements by means of the Lorenz-Lorentz equation

r · ρ =
n2 − 1
n2 + 2

(3.31)

where ρ is the mass density, r the specific refractivity (assumed to be constant)
and n the refractive index. This equation is well established for polymers [87].

The dots in Fig. 3.22 denote data from Kovacs, the lines denote the
new data. Both data sets agree very well in the high temperature branch
(T > 310 K). The different behaviour below 310 K is due to different ther-
mal treatments of the samples as explained in the following. The triangles
represent equilibrium values (T > Tg), the circles represent specific volume
data obtained on heating after quenching the sample. The values measured
almost immediately after the quenching (open circles) are higher than those
measured after annealing the sample for 100 h at T = 255 K (filled circles).
The dark gray line was measured on cooling with a rate of 3 K/min, the light
gray line on extremely slow cooling (step-wise with ∆T = 1 K and an average
rate of ca. 0.4 mK/min).

The smooth kink in the specific volume curves at the transition from the
glassy to the liquid state is interpreted as the operative glass transition due to



88 J.K. Krüger et al.

the cross-over of the intrinsic time scale of the α-relaxation process of PVAc
with a time scale related to the thermal history of the sample. As indicated
in Fig. 3.22 the intersection of the extrapolated high temperature straight
line with those of the two glassy states are used to fix the operative glass
transition temperatures Tg1 and Tg2. This Tg shift, also reflected in the new
data, is typical for the rate dependence of the TGT.

With the Kovacs data the annealing effect leads to a reduction of the
specific volume of about −0.5% for 100 h annealing at T ≈ (Tg − 40 K) with
Tg ≈ 300 K. This ageing has been attributed by Kovacs to the metastability
of the glass with respect to its fluid phase after quenching. Apparently this
annealed state coincides with that of our new data on extremely slow cooling,
although the duration of our measurement exceeds the annealing time by at
least a factor of 10. Accordingly this state seems not to be arbitrary at all,
as different but slow thermal histories lead to the same state. This gives rise
to the question: If the system is clearly out of equilibrium (due to a crossing
of time scales) and if it relaxes even well below Tg towards its equilibrium,
i.e. from the point of view of kinetics towards the extrapolated liquid branch,
why should it stop relaxing at a certain point?

Indeed, the absolute values of the specific volume within the glassy state
depend on the cooling history of the sample but the slope, which corresponds
to the thermal expansion coefficient α, does not. So if the glassy state was
metastable and strongly dependent on the thermal history, why should its
temperature dependence be unique?

Figure 3.23 shows the effect of fast cooling as a source for metastability
for the longitudinal elastic stiffness coefficient c11 (Voigt notation [84]) of
polystyrene (PS) as obtained by Brillouin spectroscopy at sound frequencies
in the GHz range. Both c11-curves have been measured on step-wise heating
with an average heating rate of 0.1 K/min. The curve of open circles was
measured on a sample quenched in ice water from 400 K to 300 K. The black
curve was also measured in the same way but after extremely slow cooling from
above Tg to 300 K. The cooling was performed on step-wise cooling using the
time domain method (see Sect. 3.4). The average cooling rate was extremely
low (ca. 0.5 mK/min).

As shown before for the specific volume data (Fig. 3.22) the absolute values
of the elastic stiffness modulus of the glassy state depend on the thermal
history of the sample whereas the slopes of these curves do not. This result
is not new but surprising from a physical point of view and will therefore be
discussed in Sect. 3.5. The stiffness anomaly of the black curve in Fig. 3.23
around the TGT reflects an overheating effect: Since the sample was extremely
slowly cooled to the glassy state, we may expect that the segment packing
arrangement became so dense, that the random closed packed (rcp) state [78]
was attained. Even on slow heating with +0.1 K/min the time needed for
“liquifying” the glassy state was significantly larger than provided by that
heating rate. The observed overheating temperature ∆T oh is about ∆T oh ≈
10 K.
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Fig. 3.23. Overheating effect at the glass transition temperature of polystyrene
induced by strongly differing cooling and heating rates

The physical origin of the metastability demonstrated in Fig. 3.22 and
Fig. 3.23 can be twofold at least:

1. Internal degrees of freedom which may be described in terms of irre-
versible thermodynamics by spatially homogeneous internal variables [88].
The equilibration of these internal variables is retarded on fast cooling or
heating.

2. Spatial heterogeneities because of quenching.

The second effect is usually neglected in the discussion about the TGT
but it deserves attention for the following reasons.

These spatial heterogeneities result from the low thermal conductivity
which is typical for many glasses. Since usual heating and cooling processes
transfer heat across the outer surface of the sample, specific volume gradients
develop according to the temperature gradient. As an example one may think
of a long polymer cylinder (Fig. 3.24) which is rapidly cooled down from high
temperatures to below Tg. This quenching will freeze at first the outer skin
of the sample (Fig. 3.24). Then this outer skin becomes a sort of rigid con-
tainer which is filled with the same material in the fluid state. With ongoing
quenching, the remaining fluid vitrifies layer by layer but with varying cool-
ing rate and under the mechanical stress exerted by the outer solidified part.
In the final state the sample consists of a layered structure with an inhomo-
geneous distribution of mechanical stresses and a radial distribution of glass
transition temperatures. It is not surprising that such inhomogeneous samples
show apparent ageing effects.

Figure 3.25 shows two specific heat curves measured with adiabatic cal-
orimetry of a polymethylmethacrylate (PMMA) sample, which suffered dif-
ferent thermal histories prior to the two heating runs. The open circles were
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Fig. 3.24. Schematics of a polymer cylinder with shells representing different cooling
rates and hence different glass transition temperatures due to fast freezing

Fig. 3.25. Temperature dependence of the specific heat capacity of PMMA after
different cooling and heating procedures

measured on a virgin (extruded) sample from ambient temperature to 410 K.
Subsequently the sample was slowly cooled down again to ambient tempera-
ture by 8 mK/min and then measured again on heating by 4.5 mK/min (black
dots). The superior experimental reliability and precision of these data mea-
sured with heat-pulse adiabatic calorimetry is illustrated in Fig. 3.26. The
margin of error of these specific heat data is smaller than the diameter of
data dots. The low- and high-temperature asymptotes of the cp(T )-curve are
very well described by straight lines with slightly different slopes being a little
bit lower in the liquid state.

Based on this high data quality, the difference in Tg of about 3 K between
the virgin and the slowly cooled state of the PMMA sample is real in Fig. 3.25.
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Fig. 3.26. Specific heat capacity around the TGT of PMMA, the ordinate is off by
roughly 15% due to a calibration error [89]

Fig. 3.27. Specific heat capacity around the TGT of PMMA for cooling rates
differing by a factor of 60 (both of the order of magnitude: mK/min) [89]

Frühauf et al. [89] attributed this shift to the formation of internal stresses
and a spatial distribution of glass transition temperatures.

In the following we will discuss data measured on two identical PMMA
samples (Fig. 3.27), where very different cooling rates yield the same adiabatic
specific heat capacity, indicating that at least in average the same glassy state
is produced for both cooling scenarios. The samples have suffered cooling rates
differing by a factor of more than 60.
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The black curve in Fig. 3.27 was cooled very slowly with 8 mK/min and the
circle curve was cooled faster with 519 mK/min which is still slow compared
to rates applied in technological processes, however. Both samples were then
measured by the same heating rate of about 4.5 mK/min. In the margin of
error both curves are identical and show no cooling rate dependence at all.
The reason for this complete independence of the TGT on the thermal history
is only understood if the rate dependence of Tg can be neglected for the given
range of cooling rates. This fact seems to be contradicted by the large change
of the cooling rate in combination with the accuracy of the specific heat data.

An alternative interpretation for the observed behaviour could be con-
nected to the observed cut-off of the relaxation frequencies, i.e. the relaxations
stop at certain temperature with a finite relaxation frequency. This aspect will
be discussed in Sect. 3.4.

If the conclusion can be made that the data of Fig. 3.27 are equilibrium or
near equilibrium data, then the step-height of cp at Tg represents the excess
specific heat connected to the “liquefaction” of the glassy state. In physical
terms, the precise location of Tg is not obvious. Many authors use the inflec-
tion point of the specific heat curve as a good measure to identify Tg. Since
the temperature width of the thermal glass transition regime is almost 20 K
an identification of the inflection point of the cp-curves as a reliable glass
transition temperature is questionable. It is more likely, that the onset of the
excess specific heat on the background specific heat of the glassy state defines
the glass transition temperature. This onset coincides quite well with the kink
in the sound velocity and the refractive index.

A completely different view on the kinetic properties of the TGT is ob-
tained having a look at the “Generalized Cauchy Relation” (gCR) of amor-
phous materials [90, 91]. From solid state physics it is well-known that the
number of independent coefficients of the elastic stiffness tensor is deduced
from the symmetry of the crystal [e.g. [92]]. Additional relations, which
further reduce the number of independent elastic stiffness coefficients are
known in solid state physics and are calledCauchy relations(CR) [93, 94].
Such relations hold only true if the crystal of interest obeys additional con-
straints about local symmetry (every lattice particle is a centre of inversion),
molecular interaction forces (only central forces), and lattice anharmonicity
(only harmonic potentials).

For cubic crystals these constraints lead to the relation:

c12 = c44 (3.32)

Equation (3.32) reduces the initially three independent elastic coefficients
to only two, c11 and c44 [94]. Imagine now that we were able to produce a
ceramic sample made of irregularly oriented cubic nano-crystals which obey
a CR according to Eq. (3.32). In that case the ceramic body shows isotropic
symmetry on the macroscopic scale. Hence the isotropy condition [92] holds for
the orientational average (denoted by the brackets) of the elastic coefficients:
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〈c12〉 = 〈c11〉 − 2 · 〈c44〉 (3.33)

Combining Eqs. (3.32) and (3.33) we obtain a Cauchy relation for the isotropic
state [94]:

〈c11〉 = 3 · 〈c44〉 (3.34)

Equation (3.34) reduces the number of independent elastic coefficients of the
isotropic nano-ceramic from two to one.

If the cubic crystal does not fulfil the requirements of the Cauchy relation,
than you can write Eq. (3.32) in a more general way

c12 = c44 +A(T, p, . . .) (3.35)

where A is a term which depends on temperature T , pressure p, etc.
The orientational average leads then to a generalized Cauchy relation of

the isotropic state
〈c11〉 = 3 · 〈c44〉 +A(T, p, . . .) (3.36)

According to Eq. (3.36) the deviation from the Cauchy relation of the cu-
bic state measured by A is found as an additive term in the Cauchy relation of
the isotropic state Eq. (3.35). This result sheds some interesting light on the
possible mechanism leading to the generalized form of the Cauchy relation.
Equation (3.35) together with Eq. (3.36) lead to the result that a ceramic
based on nano-crystals with cubic symmetry can show an ideal Cauchy re-
lation Eq. (3.35) provided that the cubic crystals follow a Cauchy-Relation
(A = 0). As a consequence the additive constant A in the generalized Cauchy
relation is not caused by the difference in local and global symmetry of the
ceramic.

Amorphous glass-formers are not expected to meet the aforementioned
conditions about local symmetry, the absence of defects and the absence of
anharmonicity. Thus Eq. (3.34) should not apply to these materials.

However, theoretical work [90,95] proposed a generalized Cauchy relation
between the high-frequency elastic shear modulus G∞ = c∞44 and the com-
pression modulus K∞ for dynamically frozen liquid argon:

K∞ =
5
3
·G∞ + 2 · (P − n · kBT ) (3.37)

where P is the external pressure, T the temperature and n the particle density.
Using

K∞ = c∞11 −
4
3
c∞44 (3.38)

one finally obtains

c∞11 = 3 · c∞44 + 2(P − n · kBT ) (3.39)

Compared to the CR for the isotropic nano-crystalline case Eq. (3.35),
this “generalized” Cauchy relation (gCR) for the amorphous argon adds a
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term, which depends on pressure and temperature and therefore much more
equals Eq. (3.36). According to Eq. (3.37) the pre-factor 3 is reproduced for
c44, but the relation between c44 and c11 is not linear for changing pressure
or temperature.

To check this point, the TGT of several glass formers (DGEBA, PVAc,
Salol, DBP, etc.) were recently studied during slow cooling (Ṫ < 0.5 K /min)
by Brillouin spectroscopy at hypersonic frequencies [96]. Due to the high mea-
suring frequency, the method provides the clamped stiffness coefficients c∞11(T )
and c∞44(T ) (Fig. 3.29). As the result, a linear relation

c∞11(T ) = A0 +B · c∞44(T ) (3.40)

was obtained, A0, B temperature-independent material constants and T being
the temperature. Again, B = 3 was found within the margin of error for all ma-
terials under investigation [96]. As shown in Fig. 3.30, the TGT is completely
hidden in the elastic data representation described by Eq. (3.40). Accordingly
the influence of the TGT has to be identical on both the longitudinal and the
transverse acoustic mode.

This observation raises the question whether (i) non-equilibrium processes
do not violate the gCR at all or whether (ii) the TGT is not necessarily a
non-equilibrium process? If hypothesis (i) holds true, the validity of relation
(3.40) for the liquid state as well as for the solid state would be less surprising.
If on the other hand (ii) holds true, the validity of the gCR could turn out
to be a versatile tool to discriminate between mechanical equilibrium and
non-equilibrium. With respect to this point of view it is highly interesting to
elucidate the question whether fast cooling of the liquid to the non-equilibrium
glassy states is able to violate the gCR. If it happens, whether these non-
equilibrium states relax towards their equilibrium and if they do so, on which
time scale and to which direction this happens.

All data reported in the following were measured with Brillouin spec-
troscopy using the 90A-scattering geometry (c.f. Fig. 3.18b) detecting simul-
taneously the longitudinal sound frequency f90A

L , and the transverse sound
frequency f90A

T . It should, however, be stressed that amongst all scattering
geometries only the 90A-scattering or more general the ΘA–scattering pro-
vides a phonon wave vector qΘA which is independent of the refractive index
n of the sample (Sect. 3.2).

Having determined the sound velocities of the longitudinal and shear po-
larized phonon modes and assuming that the mass density ρ is known, the
elastic constants c11 = cL and c44 = cT are given by

c90A
ii = c90A

L,T = ρ · (V 90A
L,T )2, i = 1, 4 (3.41)

In order to test whether the gCR Eq. (3.40) can be violated by fast quench-
ing we have used the diglycidilether of bisphenol A (DGEBA, Fig. 3.28) as a
glass forming organic liquid.
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Fig. 3.28. Structural formula of DGEBA

It is well-known [96, 97] that bulk DGEBA is a fragile liquid that may
crystallize, in special circumstances if nucleation is forced e.g. by rough sur-
faces, water droplets, etc. DGEBA shows at extremely slow cooling a static
(intrinsic) TGT at Tgs = 243 K [97].

In Fig. 3.29 the elastic stiffness data c11(T ) and c44(T ) for an extremely
slow cooling run are shown (∼0.01K/min). Both elastic moduli versus tem-
perature curves show a kink at about the static glass transition temperature
Tg of 243 K [97]. According to the small residuals shown in Fig. 3.29 both
frequency curves behave piecewise linearly in the investigated temperature
interval.

According to Eq. (3.40) the related gCR is depicted in Fig. 3.30. The plot
demonstrates that the elastic data measured under these conditions perfectly
obey the gCR with A = 2.6 GPa and B = 2.98 ± 0.2. Hence within the margin
of error B = 3 holds true. The distribution of the residuals confirms the linear

Fig. 3.29. cL and cT of DGEBA as a function of the temperature T . The straight
lines are fitted curves. The residuals in the lower part demonstrate the agreement
of the data with a piece-wise straight line model
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Fig. 3.30. gCR-representation for the Brillouin data of Fig. 3.29. In the lower part
of the figure the corresponding residuals are given. The residuals indicate the good
compatibility of the measured data with the gCR presented by the straight line
according to Eq. (3.40)

behaviour of the data representation, and that the TGT is completely hidden
in this parametrical representation.

If we tentatively accept a purely kinetic interpretation (see e.g. [98]) of
the TGT, we had to assume that Tg could be shifted to higher temperatures,
provided the cooling process was speeded up.

In other words, the gCR would remain a linear function but would become
ambiguous in its physical meaning, i.e. the parameters A and B would have
the same values in the equilibrium as in the non-equilibrium state. Conse-
quently, the gCR would turn out to be rather insensitive to deviations from
equilibrium. If, on the other hand, the slopes of the longitudinal and transverse
frequency curves of the new hypothetical glassy state change their relation in
comparison to that measured on slow cooling, the gCR would become vio-
lated for the new glassy state. Keeping in mind that within this approach the
slower cooled sample is closer to equilibrium, such behaviour seems not to be
very likely. In order to clarify this point we have tested whether the apparent
insensitivity of the gCR with respect to equilibrium is a general feature of the
gCR. For this purpose we have used quenching procedures in order to create
forced non-equilibrium glassy states. During this fast cooling we are not able
to record Brillouin data simultaneously. Therefore we cannot say anything
about the evolution of the elastic behaviour during the fast cooling process.
As will be shown below (Fig. 3.31c) we were able, however, to measure the
sound frequency evolution of samples submitted to intermediate cooling rates
(0.05 K/min).

Figure 3.31 shows the c11 = c11(c44)-relation as obtained from Brillouin
data derived from different quenching procedures. As indicated above, these
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quenching procedures are not really under control. Figures 3.31a,b,d show
Brillouin data measured during heating the quenched sample from the glassy
to the liquid state. Figure 3.31c shows the Cauchy-representation of Brillouin
data measured on intermediate fast cooling of the DGEBA sample. The open
circles in Fig. 3.31 give the measured data, the straight lines give the gCR.
From Fig. 3.31 it is evident that non-equilibrium glassy states produced by
quenching lead to a violation of the gCR. The quenched samples of Fig. 3.31
show significant positive deviations from the gCR. As a matter of fact, this
positive deviation is related to a lag of the shear stiffness behind the longitu-
dinal stiffness.

In other words, on quenching the DGEBA sample to low temperatures,
the longitudinal modulus develops closer towards the increasing equilibrium
value than the transverse modulus does. Moreover, these deviations are able
to relax towards the gCR during heating and cooling procedures within the
glassy state (c.f. Fig. 3.33).

Figure 3.31c demonstrates how the violation of the gCR takes place if
the BS-measurements are performed during intermediate fast cooling (about
0.05 K/min). It is evident that even if the sample is moderately cooled into
the glassy state, significant positive deviations from the gCR can be produced.
The linear transformation properties implied by the gCR and deviations from
this linear transformation can be evidenced in a different way. We show in
Fig. 3.32 the temperature dependence of the longitudinal and shear phonon
corresponding to the Cauchy representation of Fig. 3.31b.

As is seen in Fig. 3.32 we have spread the plot axis for both phonon
frequency curves in such a way that the longitudinal and transverse phonon
branches coincide within the liquid phase. In the glassy phase the relative
slope of the transverse mode becomes smaller in comparison to that of the
longitudinal mode, whereas the slope of the longitudinal mode is the same
as for slow cooling. According to the related frequency-temperature plots the
different ageing processes presented by Figs. 3.31a,b,d meet the “equilibrium
glass branches” of the longitudinal and transverse polarized modes defined
by Figs. 3.29, 3.30. The low-temperature branch of Fig. 3.31a merges at T −
Tg = 16 K with the gCR. The slope of this low-temperature branch amounts
to about m = 4 in comparison to B = 3. The low-temperature branch of
Fig. 3.31b even merges at T − Tg = 21 K. The slope of this branch amounts
to m = 4.8. In Fig. 3.31d the onset of the deviation from the gCR occurs only
at the TGT. No excess of the slope (m > B = 3) was ever observed above Tg.

In order to elucidate the observed significant ageing behaviour within the
glassy state of DGEBA we have performed different cooling and heating cycles
within the glassy state of this material. The data are depicted in Fig. 3.33.
After quenching the sample to 120 K (cooling rate ∼ −200 K/min) we per-
formed a first heating experiment (run 1) in Fig. 3.33, which we stopped at
195 K. This is more than 40 K below Tg.

The slope of the low-temperature branch is m = 4.15 in comparison to
B = 3 in the liquid state. Subsequently we have cooled the sample again
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Fig. 3.31. gCR-representations for different quenching and heating cycles. The
residuals indicate the deviations of the measured data from the gCR presented by
the straight lines. Figures a, b, d represent Brillouin data measured on heating after
different quenching procedures. Figure c shows a cooling run on intermediate fast
cooling. See text for further explanations

to 120 K and then heated the sample to Tg − 10 K. The slope of the low
temperature branch has now decreased to m = 3.92. A further cooling to
137 K and a subsequent heating to ambient temperature yields a slope of
m = 3.48 for the glassy state. These results confirm the above anticipated
ageing process within the glassy state. This thermal relaxation process con-
verges in all our experiments versus a unique glassy state, which we have
identified recently on the basis of time domain Brillouin measurements [97] as
the equilibrium glassy state of DGEBA (c.f. Sect. 3.4). Definitely, we found no
relaxations towards the liquid state, which exceed the sound frequency data



3 About the Nature of the Structural Glass Transition 99

Fig. 3.32. Longitudinal and transverse elastic moduli (cL and cT ) for DGEBA as
a function of the temperature T , measured after quenching to about 77 K

Fig. 3.33. gCR-representations for different consecutive quenching and heating
cycles. All measurements were performed on heating. The full straight line represents
the gCR for the equilibrium state. For further explanations, see text

within the temperature representation of the equilibrium glassy state. This
result is based on at least 15 different quenching cycles. According to Ref. [97]
the structural α-relaxation shows a cut-off at the glass transition temperature
(c.f. Sect. 3.4). It is therefore likely that the dynamical processes involved
in the ageing process have little in common with the structural α-relaxation
process. We do not want to compare time constants found in the gCR repre-
sentation during ageing in the glassy state with time constants reported for
the hypersound velocities in the liquid state [97]. There is no hint for a direct
connection between both processes.
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Being convinced that the ageing process within the super-cooled liquid
state discussed above has nothing to do with the α-relaxation process the
question about the reason for the violation of the gCR has still to be eluci-
dated. As a matter of fact, the violation of the gCR is only observed if the
quenching process starts at temperatures more than a hundred Kelvin above
Tg and is as fast as than −200 K/min. At that cooling speed usual glass struc-
tures cannot be formed. In our opinion, the supercooled liquid (with respect
to the crystalline state) is driven into a further supercooled state sc2 but this
time the super-cooling is related to the glassy state. The state sc2 behaves as
a metastable glass. That the glassy state is the related preferential thermo-
dynamic reference state to which the metastable state sc2 relaxes is evident
from the experimental facts. The usual local molecular arrest at the intrinsic
glass transition is impeded. The experimental data show, that the achieved
metastable state sc2 has smaller shear stiffness than the glassy state, whereas
the longitudinal modulus is, in comparison to that of the glassy state, not al-
tered. In other words the sc2-state behaves “stiff” on compression but rather
“soft” on bending the sample: the state sc2 behaves more liquid-like than
a glass. As a matter of fact, heating up to the glass transition temperature
erases any memory about the super-cooled state sc2.

In favour of this view are the facts that (i) the temporal evolution of the
ageing process is much faster than the hypothetical α-process of DGEBA in
the temperature range Tg > T > Tgs, but very close to Tg and that (ii) we
found ageing well below the VFT temperature To. As a consequence, the liquid
state of DGEBA seems to be a forbidden state below Tgs and the glassy state,
which is approached during the thermal ageing appears as an “equilibrium
glassy state” of DGEBA for T < Tg. Of course we cannot exclude the exis-
tence of another energetically more favourable state, but if it exists, this state
must be separated from our equilibrium glassy state by such high potential
barriers that it is virtually inaccessible. In order to be observable in a Brillouin
experiment, the molecular non-equilibrium excitations have to couple to the
transverse and longitudinal polarized sound modes and their relaxation times
have to be in a time-window accessible to this kind of experiment. It is worth
noting that, if this coupling is weak or if the relaxation times are too fast or
too slow in comparison to our experimental time scale, Brillouin spectroscopy
is ineffective with respect to the test of ageing phenomena.

Studying the experimental results presented in this chapter, we can con-
clude as follows:

(i) Using appropriate thermal treatments, distinct glassy states with dif-
ferent macroscopic properties, like density or mechanical moduli can be
realized.

(ii) In the glassy state there can exist relaxations (due to ageing) which are
distinct from α-, β-, γ-, etc-relaxations (see Sect. 3.4).

(iii) It seems that in structural glass-formers there exists an intrinsic glassy
state.
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(iv) the ideal glass transition temperature marks the stability boundary for
the intrinsic glassy state and the super-cooled glassy states.

3.4 The Dynamic View of the Thermal Glass Transition

In this section we will analyse the glass transition and related phenomena
which are due to the cross-over of the inverse probe frequency with the intrinsic
α-relaxation frequency of the glass-forming liquid.

It is usually believed by the glass community that the slowing down of
molecular dynamics on approaching the thermal glass transition plays a cru-
cial role for the physical changes appearing at the TGT [99–104], as well as at
the glass transition predicted by mode-coupling theory [105,106] etc. The dy-
namics associated with those molecular motions which are intimately related
to the TGT are usually described by the VFT-law introduced in Sect. 3.1.
This primary glass relaxation process is usually called α-relaxation process.
According to the schematic drawing in Fig. 3.34 the activation plot of the
α-relaxation frequency is strongly bent towards zero at the so-called VFT-
temperature T0 [103,104,107]:

ωα = τ−1
α = ωα0 · exp [−∆Gα/ (R (T − To))] (3.42)

This phenomenological law holds true at least for temperatures T > Tg > T0

and implies a divergence of the α-relaxation time τα at T0. In Eq. (3.42) the
parameter ωα0 is the attempt frequency displaying the molecular mobility at
high temperatures and ∆Gα is the activation free energy of the α-relaxation
process.

It is the trust in this divergence which has stimulated many researchers
in the field of glass transition to believe in the kinetic nature of this phenom-

Fig. 3.34. Schematic representation of the VFT-law for the α-relaxation and the
Arrhenius-like behaviour of the β-relaxation
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enon. This belief was supported by manifold observations of ageing processes
in the pre- and post-transition temperature intervals of the operative glass
transition temperature Tg. It should however be stressed, that these observa-
tions in favour of a purely kinetic interpretation of the TGT are no proof for
any divergence of τα but they are at best a proof for sufficiently large relax-
ation times in order to compete with usual experimental time constants τexp.
Thus the real temperature behaviour of the α-relaxation time in the limit of
large experimental time constants is the fundamental problem. The question,
whether τα really diverges or remains finite, decides whether the “cross-over”
problematic is unsolvable or just a quantitative problem of the experimental-
ists patience. This is the reason why it deserves huge interest and is the main
topic of this section. Of course, besides the cooperative α-relaxation process
there may exist other relaxation processes which are thermally activated. In
Fig. 3.34 such an Arrhenius-process is designated as β-process. This kind of
relaxation processes is usually not affected by the glass transition.

The deviation of the VFT-law from the Arrhenius behaviour is an exper-
imentally evident precursor of the thermal glass transition not only observed
well above Tg but which is found for quenched glass formers even clearly above
the melting temperature Tm. That means that this precursor of the later TGT
is already present in the glass forming material at temperatures at which the
material has not decided whether it will densify by crystallization or densify
by freezing. In so far the slowing down of the molecular dynamics described
by a VFT-behaviour puts the question whether it can be interpreted as a
general precursor for a transition into a dense solid state. Independently of
the thermodynamic path the primary goal of a cooled liquid seems to be its
densification and consequently, to find a state which is as densely packed as
possible (close packing). Below the melting point two possibilities exist for this
densification. (i) the crystallization and (ii) the thermal freezing. Since crys-
tallization is usually a strong first order transition, the α-relaxation is clearly
no dynamical precursor for the crystallization process. This argument is sup-
ported by the fact that during the undercooling of a glass forming liquid, the
crystallisation process is suppressed and the potential melting/crystallization
process leaves no mark on the VFT-law. Since in a crystal the average position
of the lattice molecules is fixed, the α-relaxation process of the related liquid
state usually disappears or is quantitatively different from that in the crys-
talline state. An example of the latter behaviour is DFTCE which has been
discussed in the first section. Thus, the first order transition to the crystalline
state can be interpreted as one efficient way to achieve the goal of dense pack-
ing. The remaining alternative, which is necessarily disordered, is the glassy
state with random closed packing (rcp). Then the question occurs, if densifi-
cation by crystallization changes fundamentally the α-relaxation behaviour or
even stops it, why should the α-process be unaffected by the glass transition
and in turn produce the “time-trap” discussed in the first section?

A further comparison between the glass transitions and structural phase
transitions might be elucidating. So-called soft mode theories predict that the



3 About the Nature of the Structural Glass Transition 103

lattice instability occurring at a structural phase transition is accompanied by
a slowing down of the soft mode frequency to zero [108]. In reality this slowing
down of the soft mode frequency to zero never happens, instead the phase
transition takes place at a soft mode frequency well above zero. Assigning
the experiences with soft modes of structural phase transitions in crystals
to the potential behaviour of the α-relaxation time the divergence of the α-
relaxation time τα = 1/ωα at the glass transition of a glass forming liquid
is little probable. This argument is a further counter-indication against the
“cross-over” argument but not a proof yet.

In order to elucidate the true α-relaxation behaviour and its influence
on phenomenological physical properties at the TGT, the temperature de-
pendence of the latter within the pre-transitional phase close to Tg has to be
revisited. It is usually accepted that every liquid can be quenched to the glassy
state. According to Sect. 3.1 “quenched glass formers” become supercooled be-
low their melting temperatures whereas ideal glass formers can stay in their
thermodynamic equilibrium state until the TGT. Fast cooling (quenching)
of a glass forming liquid is accompanied by a decrease of its specific volume
νl(T ) according to the volume expansion coefficient αlsc (T ) = αl(T ) (sc su-
percooled) of the equilibrium liquid. The specific volume in the supercooled
liquid state νlsc(T ) is in general higher than in the crystalline reference state
νlsc(T ) > νcryst(T ). Thus, supercooling provides at first a deviation of the
specific volume from that of the crystalline reference state but continues that
of the thermodynamic equilibrium liquid into the undercooled liquid state.
The linear temperature dependence of the specific volume found in the pre-
transition temperature interval does not reflect the VFT-behaviour of the
main glass relaxations. Only at lower temperatures, in a limited tempera-
ture interval, called glass transition interval, the thermal expansion coefficient
changes rather abruptly from that of the equilibrium liquid state αl (T ) to that
of the so-called glassy state αg (T < Tg) < αl [109–111] (see Sect. 3.3). Ideal
glass-formers behave in exactly the same way but transform from the equilib-
rium liquid state immediately into the glassy state without passing through a
metastable pre-transition temperature interval. This means, that from a phe-
nomenological point of view quenched- and ideal glass-formers do not differ
from each other although they are in different thermodynamic states.

As a matter of fact, transport properties like the shear viscosity of fragile
liquids behave in the same way. Quenched glass forming fragile liquids and
ideal glass forming fragile liquids are accompanied by an increase of viscosity
stronger than exponential (see Fig. 3.21) and do not reflect the behaviour of
the equilibrium liquid at much higher temperatures [112–114].

It appears that the pre-transitional temperature interval as seen by the
shear viscosity is much broader than that seen by mass density. From the
viewpoint of shear viscosity one has to differentiate between two temperature
regions: the rather large pre-transitional temperature interval in the liquid
phase and the rather small glass transition zone (kink). The question arises
about the reason why the transport of molecules should feel hindered much



104 J.K. Krüger et al.

more in the pre-transitional temperature interval than by usual thermal acti-
vation at much higher temperatures? Geszti [115] has introduced a phenom-
enological relation between the shear viscosity and the molecular dynamics

η44 = c∞44 · τα (3.43)

where τα is again the relaxation time related to the TGT (Sects. 3.1, 3.3)
and c∞44 is the frequency clamped shear stiffness of a liquid. Equation (3.43)
couples in some way the imaginary part (∼ η44) of the complex shear stiffness
of a mechanical continuum to a relaxation time τα. In the case of glass form-
ing liquids it couples the solid state like behaviour c∞44 of a liquid observed
under frequency clamped conditions to its acoustic attenuation. Keeping in
mind, that c∞44 depends linearly on temperature in the pre-transitional liquid
phase [116, 117], the more than exponential increase of η44 with decreasing
temperature must be due to molecular dynamics, i.e. the temperature behav-
iour of τα. From a formal point of view the observed saturation (kink) of η44

at the glass transition might be due to either a saturation of the relaxation
time τα and/or to a saturation of c∞44.

Combining Eq. (3.42) with Eq. (3.43) leads to

η44 = c∞44 · τα0 · exp [∆Gα/ (R (T − To))] (3.44)

The strong bending of the activation plots of τα and η44 has been related to an
increasing cooperativity [102] of the molecular motions in the pre-transition
interval on approaching the TGT. That means, that in order to put one mole-
cule or a molecular group in a better packed environment the molecules in
the shell of next neighbours, in the shell of over-next neighbours and so on
have to move cooperatively in order to allow for this improved packing. It is
this cooperative molecular motion which allows even in the very dense packed
state the combined rotational and translational molecular motion necessary
for a further densification. Equation (3.44) implies that in a very dense state
a further improvement of the density is more time consuming than in a less
dense state.

The increases of the bending strength of τα and η44 also signalize an in-
crease of fragility of the glass former. The magnitude of the temperature dif-
ference |Tg − T0| is a measure for the fragility of the glass former and amounts
e.g. to about 40 K for polymers [101,112,113].

At this state of discussion the reader is confronted with the situation that
the shear viscosity of a fragile glass former increases stronger than exponen-
tial on approaching Tg and shows a pronounced kink (saturation) at this
temperature. The mass density and the frequency clamped elastic shear stiff-
ness behave linearly in the pre-transitional temperature interval but show a
kink at Tg. Finally, in contradiction to the temperature dependence of the
shear viscosity η44 the relaxation frequency ωα is predicted to follow a VFT-
law Eq. (3.42) across the operative glass transition temperature Tg remaining
continuous and differentiable at Tg but with a divergence at T0 < Tg. Thus,
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a saturation of τα at Tg is not predicted by the VFT-law and obviously, it
would contradict the “cross-over argument” given in Sect. 3.1. In other words,
the unavoidable “time-trap” introduced in Sect. 3.1 as an argument in favour
of the kinetic nature of the glass transition would become redundant if the
VFT-law breaks down at Tg (see also the discussion below).

Insisting for the moment on the validity of the VFT-law Eq. (3.42), the
only way to force η44 to saturate at Tg is to saturate c∞44. In this kinetic picture
the saturation of c∞44 is synonymous to reaching a non-equilibrium state. But
there is also the possibility of structural changes at Tg.

The bridge to the “structural changes” eventually might be found in a
phenomenological relation between the shear viscosity η44, the free volume Vf

and the occupied volume Vo given by Doolittle [100]

η44 = A · exp
[
b · Vo

Vf

]

(3.45)

where A and b are constants. Following the idea of free volume [118, 119] a
volume element V from the glass-forming liquid is then composed of V =
Vf + Vo. According to Eq. (3.45) the temperature dependence of η44 stems
from the temperature dependencies of Vf and Vo. Defining the related volume
expansion coefficients αf and αo respectively

αf =
1
Vf

dVf

dT
(3.46a)

and
αo =

1
Vo

dVo

dT
(4.46b)

The volume expansion coefficient α and the relative temperature derivative
of η44 can be calculated yielding

α =
1
V

dV

dT
=

1
V

d (Vf + Vo)
dT

=
Vf

V
αf +

Vo

V
αo (3.47)

and

1
η44

· dη44

dT
=

b · Vo

Vf
{αo − αf} =

1
c44

dc44
dT

+
1
τα

dτα

dT
=

1
c44

dc44
dT

−∆G

R

1
(T − To)

2

(3.48)
In Eq. (3.47) the coefficient αo measures the thermal expansion of the mole-
cules due to thermal molecular excitations in an anharmonic potential and
αf measures the decrease of the free volume with decreasing temperature.
Having again a look at the saturation of η44 at Tg either αo or αf or both in
Eq. (3.48) have to change at the TGT.

At least for αo a discontinuous change is only possible, if structural
changes, preferably intramolecular structural changes, occur at the TGT. Ac-
cording to the “free volume theory” [118, 119] the free volume Vf goes to a
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constant minimum value or even zero at T ∗ > 0 K which means, that the
corresponding volume expansion coefficient αf goes to zero (random closed
packing). A spontaneous disappearance of αf at T ∗ suggests a volume ex-
pansion coefficient α which changes discontinuously at T ∗. A discontinuous
change of the volume expansion coefficient is synonymous to the fact that the
molecular interaction potential changes discontinuously at T ∗. In any case T ∗

has to be lower than the usual operative glass transition temperature Tg. In
some theories T ∗ is brought in connection with TVFT but without any proof.

In addition, the right hand part of Eq. (3.48) relates the saturation of the
shear viscosity to the saturation of the frequency-clamped shear stiffness. It
remains the essential question: why does the free volume becomes constant
at an operative glass transition temperature Tg while the cooperative mo-
tions of the molecules still follow the VFT relation (see Eq. 3.48)? To answer
this question a precise reinvestigation of the α-relaxation process and of the
shear stiffness c∞44 in the pre-transitional temperature interval is imperative.
Provided the generalized Cauchy relation (discussed in the previous section)
holds true it suffices to investigate the longitudinal elastic modulus instead of
the shear stiffness as the latter one is often difficult to measure.

For the sake of simplicity, the following discussion is reserved to ideal or
almost ideal glass-formers. The α-process can be observed with different ex-
perimental techniques. Dielectric-, mechanical- and thermal spectroscopy are
amongst the most common techniques, as the complex dielectric susceptibility
ε∗ (ω), the complex elastic stiffness tensor c∗ij (ω) or the compliance ten-
sor s∗ij (ω) with (i, j = 1, 2 . . . , 6) and the complex specific heat capacity
c∗p (ω) couple to the α-process.According to irreversible thermodynamics the
α-relaxation time τα depends on the thermodynamic boundary conditions and
therefore on the measurement technique, at least in principle. In reality these
different α-relaxation times are often very close to each other.

As indicated in Fig. 3.35 the α-relaxation frequency of polymethylmethacry-
late (PMMA) follows in the pre-transitional temperature interval a VFT-
law [120]. However, according to time domain Brillouin spectroscopy (TDBS,
discussed in detail below) close to Tg deviations from the VFT-law occur (open
circles in Fig. 3.35) [121]. Just below Tg a strong jump of ωα versus 1/T is
observed (large open circle in Fig. 3.35). The Brillouin results from Fig. 3.35
yield the first relaxation data in a frequency range not attainable so far. Be-
low the temperature related to this jump no further low frequency relaxations
are observed even though they should be observable with TDBS if the VFT-
law was still applicable. There seems to exist a cut-off of the α-relaxation
process. A β-relaxation process accompanying the α-process behaves, as ex-
pected, Arrhenius-like.

According to the experimental technique in use (TDBS) all relaxation
frequencies gathered until the cut-off are equilibrium data. Now there are two
possibilities (see Fig. 3.36): (i) No further α-relaxations exist. In that case the
Brillouin data obtained at lower temperatures are equilibrium data (solid line
in Fig. 3.36). (ii) the α-relaxation frequency slows down much steeper than
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Fig. 3.35. Logarithmic α- and β-relaxation frequencies of atactic PMMA as ob-
tained by dielectric spectroscopy and TDBS

Fig. 3.36. Schematics of the evolution of the relaxation time of the α-process τα

with an assumed cutoff at Tcutoff > T0. The time scale of the measurement τmeas is
chosen in such a way that it is always larger than τα

predicted by the VFT-law. In that case measurements performed at lower
temperatures are performed out of equilibrium not appearing in the figure.

Independently whether the α-relaxation time really diverges or just be-
comes a large quantity, the kinetic view of the TGT implies that the operative
thermal glass transition temperature reflects a cross-over between the relax-
ation time τα with the time constant of the measurement τmeas (see also



108 J.K. Krüger et al.

Fig. 3.37. Schematics of the cooling rate dependent behaviour of the TGT. q1 q2

cooling rates (q1 > q2); Tg1, Tg2 related glass transition temperatures; Tm melting
temperature of the crystalline state

Sect. 3.1). The operative glass transition temperature Tg is defined (Fig. 3.36)
implicitly by τmeas ≈ τα (Tg). This cross-over is the “time trap” mentioned
in Sect. 3.1. In that case static or high-frequency clamped phenomenological
properties like the mass density ρ (T ) or the refractive index n (T ) start to
deviate from equilibrium (Fig. 3.37). When the cooling/heating rate q of the
experiment conflicts with the α-relaxation times of the material the operative
glass transition temperatures Tg(q) depend on the cooling rate or more gen-
erally on the thermal history of the sample. In terms of the refractive index
n (Fig. 3.37) the operative glass transition is reached if during cooling with
a rate q1 the glass forming material is no more able to realize the equilib-
rium refractive index. If the cooling process develops too fast in comparison
to the time needed to establish the equilibrium, a refractive index inferior
to the latter is realized. If one even increases the cooling rate from q1 to q2,
the operative Tg shifts according to Fig. 3.37 to higher temperatures. It is
worth noting that these bending features within the n(T )-curve are kinetic in
nature.

It should be stressed again that there exist no experimental proofs for a
divergence of τα. On adjusting τmeas always in such a way that τmeas > τα

it will emerge from the experiment whether an intrinsic glass transition at a
temperature Tgs occurs or not and whether Tg coincides with T0. Only if the
condition τmeas > τα is always fulfilled a kinetically induced glass transition is
avoided and the time trap is under control. In that case, a kinetically induced
slope change of the temperature dependent refractive index is avoided and the
question appears about the inherent temperature dependence of n(T ) below
Tg.

In order to clarify this situation a convenient experimental scenario has to
be chosen to recognize a non-diverging time trap so far it exists. A suitable
technique is the above mentioned method of “time domain Brillouin



3 About the Nature of the Structural Glass Transition 109

spectroscopy” (TDBS) [121, 122]. This technique probes the evolution of
the hypersonic velocity stimulated by a step-like change of temperature.

Because of the high probe frequency this technique measures frequency-
clamped elastic moduli in the vicinity of the TGT. Using TDBS the only
relaxation process which can impose on the sound frequency response can
originate in a time lag between the establishment of the sample tempera-
ture on one hand and the equilibrium hypersonic velocity on the other. It is
worth noting that high-performance TDBS is sufficiently sensitive to resolve
temperature jumps −∆T as small as 2 K.

Using this technique the two main ingredients necessary to discover an
actual cut-off of the α-process in the glass transition region are: a.) hyper-
sonic probe frequencies which are sufficiently high in order to yield high-
frequency clamped sound velocities in the pre-transitional temperature regime
(frequency domain) and b.) the access to extremely low-frequent acoustic re-
laxations caused by instantaneous temperature changes (time domain). For
clarity Fig. 3.38 shows a schematic diagram displaying the development of the
longitudinal elastic stiffness modulus c11(T ) on cooling the sample stepwise
from the liquid to the glassy state. At high temperatures the elastic properties
are determined by the static longitudinal modulus cs11. At low temperatures
T < Tg the longitudinal modulus of the glassy state cglass11 is measured. Above
T ≥ Tg adjacent to Tg (the pre-transitional temperature regime) frequency
clamped elastic moduli c∞11 are measured.

Fig. 3.38. Schematic representation of the static and dynamic glass transition.
Tg, stat static glass transition temperature, Tg,dyn dynamic glass transition temper-
ature (dependent on the measurement frequency ω), Γ related acoustic attenuation
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The regime of elastic constants between cs11 and c∞11 is a dispersion re-
gion. Within this region the elastic constant c11 (T ) is strongly temperature
dependent and this is accompanied by strong acoustic attenuation (Γ ). The
attenuation maximum at the so-called dynamical glass transition tempera-
ture T dyn

g depends on the probe frequency ω = 2πf(e.g. ultrasonics) or al-
ternatively on the acoustic wave vector q (e.g. Brillouin spectroscopy). This
maximum determines the α-relaxation time τα by the relation

τα = 1/ω
(
T dyn

g

)
(3.49)

At Brillouin frequencies (f ≈ 10 GHz) the hypersonic loss-maximum (T =
T dyn

g ) is often but not always located about 150 K above the TGT and the
lower wing of that maximum ends well above Tg. In some cases the low-
temperature wing of the hypersonic loss peak shows a cut-off directly at Tg

(s.a. Fig. 3.39) which means that hypersonic relaxation processes persist just
until Tg. The fact that these relaxation processes are stopped by the TGT
indicates the close relation with the primary glass transition, since secondary
relaxations would not be affected by the TGT. Therefore it seems that the
TGT is not caused by the α-process but rather that the TGT stops the freezing
dynamics. From Fig. 3.39 we find that in case of DGEBA the temperature
difference between Tg and T dyn

g is only about 100 K. A further discussion of
this feature will be given in the next section.

A central question concerns the temporal behaviour of static or frequency-
clamped susceptibilities in the vicinity of the TGT. In terms of high frequency
elastic stiffness data the question appears whether the kink in the sound
velocity-temperature curves or in the elastic moduli-temperature curves is
maintained at extremely slow cooling or whether it can be shifted succes-

Fig. 3.39. Longitudinal elastic modulus cL and hypersonic attenuation Γ versus
temperature T for the fragile glass former DGEBA
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Fig. 3.40. Schematic drawing of the time domain BS. Left hand side: tempera-
ture step Tk → Tk+1, related sound frequency response fk → fk+1, separated in
an instantaneous and a relaxing part. Right hand side: sound frequency f vs. tem-
perature T , dots representing measured values while the triangles symbolize the
instantaneous and the relaxing sound frequency response after each temperature
step. Below the operative glass transition temperature Tgo only an instantaneous
response is measured

sively to lower temperatures with a temperature limit determined only by the
patience of the experimentalist.

Figure 3.40 shows schematically the approach of TDBS in case of polyviny-
lacetate (PVAc) [124–129]. According to Fig. 3.40 a temperature jump of
∆T = Tk − Tk+1 is imposed on the sample. Simultaneously the sound fre-
quency response is recorded as a function of time t at the fixed temperature
Tk+1. Every record is performed to that end that the sound frequency re-
sponse has reached its asymptotic value fk+1. As indicated in Fig. 3.40 the
complete sound frequency response consists of two parts, an instantaneous
response ∆f i and a relaxing response ∆fr. The instantaneous response is
almost independent of the temperature Tk+1 and corresponds to the entire
sound frequency response within the glassy state. This result indicates, that
the instantaneous response of the liquid state reflects already the tempera-
ture coefficient of the longitudinal elastic stiffness of the glassy state. This
means that the temperature coefficient of the instantaneous hypersonic re-
sponse reflects already on the anharmonicity of the frozen state and supports
the observation that the temperature coefficient of the longitudinal elastic
constant within the glassy state does not depend on the thermal history of
the sample.

The following investigations are based on TDBS and dielectric spec-
troscopy (DES). As usual DES has been performed in the plate condenser
geometry at different temperatures in the range of 173 K– 393 K. The dielec-
tric spectra are obtained for a frequency range between f = 102 Hz and
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105 Hz and were fitted using Havriliak-Negami

ε̂ (ω) = ε′ − i ε′′ = −i σDC

ω ε0

+
γ∑

k=α

[
∆εk

(1 + (i ω τk) νk)µk
+ ε∞k

]

(3.50)

as a model function which in addition to the usual dipole relaxation processes
(α, β, γ ) of glass-forming materials includes a dc conductivity term. The quan-
tities ∆εk designate the relaxation strength and the τk represent the related
relaxation times. The ε∞k are the frequency-clamped dielectric constants re-
lated to the different relaxation processes k.

Coming back to the time domain method of BS we need to describe the
relaxing part of the frequency response in an analytic way. On approaching
the TGT the relaxing part ∆fr needs increasingly time to evolve (Figs. 3.41,
3.42). The temporal evolution of the hypersonic α-relaxation process can be
described by a Kohlrausch-Williams-Watts (KWW) law with a stretched ex-
ponential [102]:

f(T ) = f∞ −
(
f∞ − f inst

)
· e
{
−( t

τα
)β
}

(3.51)

where f inst is the instantaneous frequency response, f∞ is the relaxed value
and β measures the distribution of the α-relaxation time (β = 1 corresponds
to monodisperse processes).

The average relaxation time is derived from

〈τα〉 =
τα

β
· Γ
(

1
β

)

(3.52)

where the Gamma-function yields the time-average of the distribution.
Every fit yields an average relaxation time and a limiting value for the

relaxed sound frequency at the related temperature jump. The relaxed sound
frequency data are shown in Fig. 3.40. Since the exact location of the intrinsic
glass transition temperature, Tgs, was not known prior to the TDBS experi-
ments, it was not possible to perform a temperature jump ending precisely on
Tgs. In reality a temperature jump was performed which started slightly above
Tgs (Tgs + ε) and which ended slightly below Tgs (Tgs − ε). Astonishingly, at
(Tgs − ε), that means already within the glassy state, a final sound frequency
relaxation is observed (Fig. 3.43). At still lower temperatures further relax-
ations are not found. The asymptotic sound frequency value does definitely
no more meet the linear extrapolation of the related sound frequency of the
liquid state. This result was confirmed by estimating the potential relaxation
frequency of the next temperature step within the glassy state. For this pur-
pose the relaxation frequencies have been plotted in an activation diagram
(Fig. 3.44). According to this estimation the relaxation frequency should have
been observable but was not observed.
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Fig. 3.41. Sound frequency response f of PVAc after a temperature step from
307.7 K to 305.7 K. The full line represents a KWW-fit which residuals are shown
below

Fig. 3.42. Sound frequency response f of PVAc after a temperature step from
303.3 K to 300.4 K. The full line represents the KWW-fit
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Fig. 3.43. Sound frequency response f of PVAc after a temperature step from
297.5 K to 294.6 K. The full line represents the KWW-fit

Fig. 3.44. Activation-plot (α-relaxation frequencies vs. inverse temperature
1000/T ) for PVAc. The frequencies have been determined by BS, dielectric spec-
troscopy (DES) and time domain (TD) BS

According to these TDBS-data even in the limit of extremely slow cool-
ing there appears a kink in the sound frequency – temperature curve at a
temperature Tgs (s.a. Fig. 3.40) which is close but slightly below the Tg mea-
sured under usual conditions realized in Brillouin experiments. Indeed, the
measured Tgs is located well above T0 predicted by the VFT representation.

The activation plot of Fig. 3.44 contains, beside dielectric data, Bril-
louin data measured in the frequency- as well as in the time domain. It
seems that these data roughly follow a VFT law; however, a close statistical
inspection contradicts this interpretation. Especially the low frequency re-
laxation frequencies behave Arrhenius- instead of VFT-like. The relaxation
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Fig. 3.45. Temperature step from 254 K to 251 K (right ordinate) at the reference
time for the new temperature step t = 0 and the related response of sound frequency
of DGEBA. The horizontal grey lines are least squares fits

frequency at the lowest temperature doesn’t fit at all to the VFT-law. The
relaxation frequency of this data point in the glassy state is two orders of
magnitude lower than that of the preceding temperature.

The above discussed investigations on the TGT of atactic PVAc suggest
the existence of an intrinsic glass transition at a well defined temperature
Tgs. This intrinsic glass transition is evidenced by a strong anomaly of the α-
relaxation frequency at Tgs and by a well defined kink in the sound frequency-
temperature diagram.

Recent investigations of glass forming diglycidyl ether of bisphenol A
(DGEBA) confirm for the primary glass relaxations [122, 123, 130] a strong
deviation from the Vogel-Fulcher-Tamman (VFT)-behaviour. In the case of
DGEBA the thermal glass transition point is evidenced by a kink in the sound
frequency of the longitudinal polarized hypersonic mode and a sudden disap-
pearance of the α-relaxation time flattening out as a function of decreasing
temperature.

The experimental procedure of TDBS shown schematically in Fig. 3.40
was also used for DGEBA. As for PVAc the temperature-time scenario was
started well above the freezing process e.g. at T ≥ Tgs +10 K and the phonon
spectra were accumulated for a sufficiently long time t in order to be sure
that the sound velocity (frequency) v (f) has relaxed to its equilibrium value
v∞ (∝ f∞) of the liquid state.

Figure 3.45 demonstrates that a “temperature step” of ∆T = −3 K at
254 K produces no relaxations of the sound velocity response at all. Conse-
quently, the sound velocity response is as fast as the temperature step ex-
perimentally realized. Approaching Tgs and making a temperature step from
249 K to 247 K (Fig. 3.46) the sound velocity response is no more instan-
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Fig. 3.46. Temperature step from 249 K to 247 K (right scale) and related sound
frequency response of DGEBA (left scale). (For further explanations, see text)

taneous but shows a time lag. As for PVAc it was found that close to Tgs,
the sound frequency response can be divided into two parts: an instantaneous
response f inst which responds as fast as the temperature equilibrates and a
relaxing part that can be described by the Kohlrausch-Williams-Watts law
Eq. (3.51) [101].

The temperature step from 243 K to 241 K (Fig. 3.47) yields a decreased
total sound velocity response but no more hint for any relaxation process.
From the relaxation times measured at the foregoing temperature steps a hy-
pothetical relaxation time has been estimated for the step from 243 K to 241 K.
This estimated sound velocity versus time relaxation curve is also shown in

Fig. 3.47. Sound frequency response of DGEBA after a temperature step from 243K
to 241 K. The horizontal dark gray lines is a linear least-squares fit. The light gray
curve gives an extrapolation to fluid conditions. (See text for further explanations)
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Fig. 3.48. Activation-plot of the inverse averaged α-relaxation times of DGEBA as
measured by DES and TDBS

Fig. 3.47. From this estimate, it can be concluded that at least this kind of
relaxation should have been observable if it existed. This result implies that
under the given conditions in DGEBA below 243 K, no α-relaxation process
exists anymore.

The values calculated there for 〈τα〉 are presented for all measured temper-
ature steps in Fig. 3.48. The step from 245 K to 243 K is the last temperature
step still showing a relaxing sound-frequency response as a consequence of
the step-wise temperature excitation. Accordingly, the subsequent tempera-
ture step from 243 K to 241 K shows only an instantaneous sound velocity
response of the glassy state (Fig. 3.36). It is therefore natural to identify
Tgs = 243 K as the intrinsic TGT (see Subsect. 3.5).

Astonishingly, the sets of relaxation times as derived from the DES and
TDBS agree quite well with each other, within the margin of error. Taking
into account different thermodynamic boundary conditions, irreversible ther-
modynamics would in principle have predicted different relaxation times for
different external variables involved in the relaxation process. As expected at
higher temperatures, the α-relaxation behaviour as a function of 1/T is com-
patible with the expected VFT-relation. However, on approaching Tgs the
activation plot flattens out (Fig. 3.48) and shows a cut-off at 243 K indicating
a sudden disappearance of the α-relaxation process. At the same temperature
the f(T )-curve shows a kink which, according to the genesis of the sound-
frequency data is neither due to the cross-over of the experimental time scale
with the α-process nor obscured by it.

The main conclusion of the current chapter is that the main glass relax-
ation process, the α-relaxation process, does not follow the VFT-law through
the glass transition down to a VFT-temperature T0. TDBS investigations on
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three different glass forming liquids show that the α-relaxation process ex-
hibits a cut-off well above the VFT-temperature T0. This means, that the
“cross-over” argument does not hold for these three materials and that the
glass transition temperatures obtained from the TDBS-procedure are intrinsic
freezing temperatures specific for each of the three materials.

3.5 Static Properties at the Thermal Glass Transition

Taking into account that the TGT in canonical glasses affects predominantly
their mechanical properties, one could argue that these properties are suitable
probes in order to elucidate the mechanism of the quasi-static glass transition
and eventually of the ideal glass transition proposed above [131, 132]. In this
context Brillouin spectroscopy (BS) is an experimental method of partic-
ular interest because BS measures mechanical properties of the glass former
in a completely non-destructive manner and without mechanical contact with
the sample [7,8,133–136]. Moreover, even some ten degrees above Tg, BS mea-
sures the instantaneous elastic response in the “slow motion regime” in the
sense that ταω � 1 holds (τα structural relaxation time, ω sound frequency).
The latter property provides the possibility to determine, in addition to the
hypersonic properties, the refractive indices from pure Brillouin spectroscopic
data [137]. Unfortunately, the quasi-static GT is usually only hinted by an
undramatic, more or less sharp, kink in the sound frequency vs. temperature
curve, which yields no hint for a non-ergodic instability. In addition, this kink
depends to a certain extent on the thermal history of the sample, see Sect. 3.1.
A main task for the experimentalist is therefore to find experimental scenar-
ios which give answers to the question whether there may exist an intrinsic
glass transition and a glass transition temperature which is experimentally
accessible and at which some static phenomenological properties change in a
well-defined manner.

Static phenomenological properties should be measured either with a sta-
tic measurement technique in internal thermodynamic equilibrium or with dy-
namical techniques in frequency-clamped equilibrium. In terms of irreversible
thermodynamics, internal equilibrium means that the relevant internal vari-
ables ξk can be completely expressed by the external thermodynamic variables
ξk = ξ(p, T,

⇀

E, . . .). Dynamic measurements of phenomenological properties in
internal equilibrium imply

ω · τk 	 1 ∀ k (3.53)

where the τk are the structural relaxation times connected to the internal
variables ξk and where ω = 2 · π · f is the probe frequency of the dynamic
experiment [139]. In contrast, clamped equilibrium means that for the probe
frequency involved all relevant internal degrees of freedom ξk are frequency-
clamped, i.e. ξk (ω) = const for k = 1, 2, 3 . . . . In relation to the relevant
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relaxation times τk and the probe frequency ω the condition of clamped in-
ternal variables then means that the system is excited in the so-called “slow
motion regime”

ω · τk � 1 ∀ k (3.54)

The measurements of static phenomenological properties like specific volume
(mass density) or the properties of the static specific heat capacity are ex-
perimentally extremely difficult to realize, especially in the vicinity of the
thermal glass transition. Rehage et al. [131], Schwarzl et al. [132] and Kovacs
et al. [140, 141] e.g. have demonstrated the experimental difficulties which
have to be overcome in order to determine the specific volume across the
transition from the liquid to the glassy (“solid”) state. One of the problems
concerns sticking of the sample to the container walls and accompanying in-
ternal stresses. Similar difficulties occur in the course of adiabatic calorimetry
measurements [142]. On the other hand this latter technique is the only one
which gives reliable information about the static specific heat capacity in the
vicinity of the TGT.

Dynamical measurements of clamped phenomenological susceptibilities
like dielectric constants measured at optical frequencies, εopt = n2 (n re-
fractive index), or clamped elastic constants, c∞ii , measured at hypersonic
frequencies in the vicinity of the glass transition yield equilibrium (frequency-
clamped) properties provided the temperature changes necessary in order
to reach the thermal glass transition (TGT) are sufficiently small and are
performed sufficiently slowly (see Sect. 3.4). Figure 3.49 shows the typical
behaviour of the longitudinal and of the shear stiffness of a bisphenol A
(I1) [143, 144]. The experimental fact that the shear stiffness c∞44 is observed
at Brillouin frequencies above Tg proves that both moduli c∞44 and c∞11 are
measured in the “slow motion” regime. They are therefore high frequency-

Fig. 3.49. Sound velocity of the longitudinal (full symbols) and shear (open symbols)
mode of I1



120 J.K. Krüger et al.

clamped equilibrium properties with respect to the longitudinal and shear
deformation. Both curves show a kink-like temperature dependence at the
operative glass transition temperature Tg. The question whether the opera-
tive kink temperature Tg can be shifted to lower temperatures for infinitely
slow cooling decides about the existence of an intrinsic glass transition at a
well-defined temperature. The fact that both elastic stiffness curves could be
brought to coincidence using an appropriate scaling of the coordinate axes sig-
nifies that I1 follows the generalized Cauchy-relation in the whole temperature
range, which is an additional proof for the absence of hypersonic relaxations.

The method of time domain Brillouin spectroscopy (TDBS) introduced in
Sect. 3.4 is one of the key experimental methods to study the static aspects of
the thermal glass transition. TDBS enables us to investigate the elastic con-
stants with respect to the mechanical deformation in the slow motion regime.
In the course of Brillouin investigations of the TGT the only remaining exter-
nal variable is then the temperature T . Indeed a sudden temperature change
∆T , necessary in order to approach the TGT at Tg, can initiate a relaxation of
the sound velocity (sound frequency) with a relaxation time τα which increases
on approaching Tg from above. Thus TDBS is able to probe mechanical relax-
ations with respect to temperature changes ∆T necessary to investigate the
TGT. Particularly, TDBS is able to clarify in which temperature regime above
and below Tg thermo-acoustic relaxations are active and especially whether
they do persist below Tg. The first systematic investigations were reported
for polyvinylacetate (PVAc). The investigations on PVAc and other glass-
forming materials were performed persuing the following scheme: At some
ten Kelvin above Tg hypersonic frequency measurements were started in the
slow motion regime ω · τα � 1. In order to approach the glassy state small
temperature steps -∆T (see Fig. 3.50) were performed and the isothermal
sound velocity (-frequency) at fixed wave vector was simultaneously recorded
until saturation of the velocity/frequency response. Only the fully relaxed
sound velocity data were then used for the sound velocity/temperature plot.
Figure 3.50 shows the results for PVAc. The most important result of these
TDBS investigations is that there exists a well-defined temperature Tg where
every α-relaxation disappears, or at least spontaneously increases its value
by several orders of magnitude. It is worth noting that Tg is well above the
hypothetical VFT-temperature T0.

In order to prove that the hypersonic measurements were really performed
in the slow-motion regime ω ·τα � 1 the opto-acoustic dispersion function (D-
function, Eq. (3.55), s.a. Sect. 3.2) was measured with BS and compared with
high performance refractive index measurements. If hypersonic relaxations
are present the D-function shows a convex deviation from the refractive index
curve. The maximal deviation occurs at that temperature where ω · τα = 1.

D(T ) =

√
√
√
√
(

f90R

f90A

)2

+ 1

2
(3.55)
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Fig. 3.50. Sound velocity of the longitudinally polarized sound mode of PVAc mea-
sured with TDBS. ∆T temperature jump, ∆vlic, g

L relaxed sound velocity response
in the liquid (liq) and the glassy (g) state

Fig. 3.51. Temperature dependence of the hypersonic frequencies of PVAc measured
on heating after extremely slow cooling (see Fig. 3.50) using the 90A- and 90R-
scattering geometry

The D-function was derived from simultaneously determined sound frequen-
cies measured in the 90A- and in the 90R-scattering geometry (Sect. 3.2) and
Fig. 3.51.

Since the sound frequencies presented in Fig. 3.51 were measured on heat-
ing after an extremely slow cooling of the sample into the glassy state in
the course of the TDBS experiment mentioned above, both sound frequency
curves show an overshoot (bumper) in the temperature regime of the TGT.
This metastability occurs because the material was cooled much more slowly
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Fig. 3.52. Temperature dependence of the opto-acoustic dispersion function (D-
function) and the refractive index function (n-function) of PVAc

to the glassy state (over months) than heated up during the BS measurement
(5 days) (see Fig. 3.4).

The refractive indices were measured on step-like cooling over two months
using an Abbé refractometer (Fig. 3.52). Within the margin of error the
D-function coincides with the refractive index function n(T ) yielding D(T ) =
n(T ) (Fig. 3.52). Since the D-function is derived from two independently but
simultaneously measured sound frequency curves the larger data scatter of
this curve in comparison to the n(T )-curve is comprehensible. In the margin
of error the glass transition temperatures measured with both techniques are
identical. In consequence in the temperature range of this investigation any
hypersonic relaxations or optical relaxations are either absent or act the same
way on the two phonons measured in the 90A- and 90R-scattering geometry.

It is extremely important to note that the two “bumpers” at Tg shown
in Fig. 3.51 are absent in the D-function (Fig. 3.52). These bumpers are of
course signs for metastability or even for instability and depend on time and
temperature. The reason for the disappearance seems to be a common factor
which guides the evolution of f90A

L (T ) as well as of f90R
L (T ).

Taking into account that the D- and the n-function are in very good agree-
ment (Fig. 3.52), the disappearance of the overshoot within the D-function is
not expected to be an artifact of the data-analysis.

Keeping in mind this result, the effect of q-vector dependent relaxations
on the temperature dependence of the D-function has to be investigated.
Figure 3.53 shows the temperature dependence of the D-function of PVAc up
to 530 K. According to Eq. (3.55), D(T ) coincides with n(T ) outside of relax-
ation regimes and deviates in a convex manner from the n-function. This is
exactly what happens for PVAc above 350 K. The maximum convex deviation
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Fig. 3.53. Opto-acoustic D-function of PVAc measured over a wide temperature
range including the range of the dynamical glass transition at hypersonic frequencies

Fig. 3.54. Relaxed compressional modulus as a function of temperature for
DGEBA. The straight lines are fit curves. The arrow indicates the cooling regime

from the n-function defines the dynamic glass transition temperature at the
Brillouin frequencies involved in measurement.

In order to elucidate the nature of the TGT the temperature behaviour of
the D-function within the glassy state (T < Tg) deserves a final discussion:
(i) As the D(T )- and the n(T )-functions coincide totally within the glassy
state, (D(T ) − n(T )) = 0, there is no evidence for acoustically relevant relax-
ations in the GHz-frequency regime. (ii) The D(T )-representation suppresses
slowly varying effects of metastability present in the constituting functions,
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i.e. the related phonon frequencies. In other words, the D(T )-function acts as
a filter for changes in acoustic properties due to metastability and displays
only equilibrium properties. It is therefore concluded that the D(T )-function
displays equilibrium properties for the glassy state of PVAc and that in par-
ticular the kink at Tg is not due to a cross-over between intrinsic relaxation
times and the experimental time scale. Accordingly, the glass branches of the
sound frequency (velocity) curves are not metastable.

In literature the TGT is often brought in close relation to the so-called α-
relaxation process. The α-relaxation frequency fα seems to slow down, accord-
ing to the VFT-law if the temperature of the glass-forming sample approaches
Tg and seems to go to zero if the temperature approaches the so-called VFT-
temperature To (see Sect. 3.1). Hence it appears that the α-relaxation process
is in some way the leading process for the glass transition. This holds true for
the dynamical glass transition well above the static glass transition when the
probe frequency crosses the relaxation frequency. The situation close to the
TGT is much more complicated.

At first, the true behaviour of fα(T ) in the vicinity of Tg is an open
question and depends evidently on the experimental probe. Moreover, the
predicted VFT-behaviour is somewhat similar to the behaviour of a soft mode
frequency at a structural phase transition. Keeping in mind that soft-mode
frequencies never really go to zero it is thus interesting to know what happens
with the α-relaxation frequency close to Tg.

Secondly, if the α-relaxation follows a VFT-behaviour on one hand and if
the TGT is investigated with a high frequency probe on the other hand, there
should be no probe frequency which could cross the α-relaxation frequency.
Consequently the only possibility would be that the waiting time between
subsequent temperature-changes is too small compared to the thermoelastic
relaxation time. Only the latter event could eventually provide a kinetic in-
fluence on the glass transition. So the question arises again what happens if
this latter kinetic effect is experimentally avoided and what happens in this
case with α-relaxation processes.

Having established for DGEBA simultaneously the kink-like anomaly in
the curve of the frequency clamped sound velocity and the cut-off of the α-
relaxation process (Sect. 3.4) [145] we conclude that PVAc is not an exception
but that also for this material there exists an intrinsic glass transition approx-
imately 20 K above the VFT-temperature To. Taking into account that the
average relaxation time for the temperature jump to Tgs = 243 K amounts to
5.4 hours and that sound frequency changes in the range of some per mille have
to be resolved unambiguously during hours and / or days after a single tem-
perature jump, it is obvious, that the experimental proof of a sample-inherent
glass transition process is experimentally not an easy task.

In order to elucidate in addition to the extremely low frequency relaxation
behaviour the behaviour at hypersonic frequencies we have simultaneously
investigated the sound velocity vL and the related hypersonic attenuation ΓL

of DGEBA over a wide temperature range (Fig. 3.55).
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Fig. 3.55. Temperature dependence of the longitudinal sound velocity vL and the
hypersonic attenuation ΓL of DGEBA

Astonishingly, and in contrast to the attenuation behaviour of many other
glass forming liquids, the hypersonic attenuation maximum comes down di-
rectly at the TGT. In other words, for DGEBA until the TGT there exist
hypersonic relaxations, which slow down only at Tg. For this material it is
therefore not true that all α-relaxation times are extremely large close to the
glass transition. From the TDBS- and the dielectric measurements it is clear
that there exist α-relaxations which slow down to 5.4 h, but at the same time
the hypersonic attenuation behaviour clearly demonstrates the existence of
pronounced hypersonic relaxations which only stop at the TGT. So the ques-
tion arises, why these high frequency relaxations are stopped by the TGT if
the TGT itself is believed to be caused by these relaxations?

Taking into account the importance of this observation for the interpre-
tation of the TGT it is interesting to look for further examples, which show
a similar relaxation behaviour. A very impressive example for the evolution
of the hypersonic dynamics around the TGT was published recently for an
epoxy (EPON) [146,147].

Figure 3.56 shows the hypersonic velocity and the opto-acoustic dispersion
function of EPON, both as a function of temperature. The hypersonic velocity
behaves as expected in showing a rather sharp kink at the TGT. Really aston-
ishing is the temperature dependence of D-function. Within the glassy state
D(T ) behaves as expected like n(T ). Precisely at Tg the D-function changes
the slope, indicating the onset of hypersonic relaxations. Again this result
is in contradiction to the general statement, that close to Tg all relaxations
connected to the glass transition should be of very low frequency. Rather,
the observed hypersonic relaxation process dies out at the TGT. Whether
the existence of this hypersonic relaxation process is without any doubt, its
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Fig. 3.56. Hypersonic velocity and opto-acoustic dispersion function (D-function)
for EPON, see text for details

origin is not yet clear. From the fact that the D-function emerges from two
phonon-frequencies related to two acoustic wave vectors of different magni-
tudes it follows that the convex deviation from the n-function (Fig. 3.56) is
due to a relaxation process. The distribution of the relaxation process seems
to be either double-valued or alternatively extremely wide.

The complex dendrimer molecule G1 shown in Fig. 3.57 is a model mole-
cule for a glass-forming material, which cannot crystallize [148]. Consequently,
the glass transition of the material G1 cannot be masked by a recrystalliza-
tion process. Whereas the longitudinal sound velocity behaves as expected as
a function of temperature (Fig. 3.58), the temperature dependence of the hy-
personic attenuation behaves in a strange manner. On approaching the TGT
from above the hypersonic attenuation Γ increases permanently until Tg and
remains constant within the glassy state.

The hypersonic attenuation Γ is rather small in the whole temperature
regime but shows a minimum at T ∼ 215 K. The attenuation then increases
with decreasing temperature towards the TGT. Assuming that the Brillouin
measurements are performed in the slow-motion regime this increase can
hardly be explained. Another cause for this attenuation could be acoustic scat-
tering on internal stresses, which are built up if the temperature approaches
the TGT. Once the dendrimer is frozen, the elastic scattering remains con-
stant. But even if this explanation is not true it is clear that the lack of certain
dynamics below the TGT is responsible for the constancy of the sound atten-
uation.

Having elucidated the relation between the static and the dynamic prop-
erties at the TGT a reinvestigation of the relation between kinetic and sta-
tic properties is reasonable. Taking the temperature and time dependence of
the high-frequency longitudinal elastic modulus c∞L as a reference, Fig. 3.59
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Fig. 3.57. Two-dimensional projections of the structure of the Dendrimer G1. The
carbon atoms and the hydrogen atoms have been omitted

Fig. 3.58. Temperature dependence of the sound velocity v and the hypersonic
attenuation Γ for G1

displays schematically the expectation for this temperature-time dependence
from the kinetic point of view on the left side and the experimental obser-
vation on the right side. The equilibrium liquid branch of c∞L (T ≥ Tg) has a
unique tangent

m� =
∂

∂T
c∞L (T ≥ Tg) = const .

At sufficiently high temperatures the glass-forming material is in the liquid
state. As it is well known [149] the packing of the liquid state is almost solid-
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Fig. 3.59. Left : expected behaviour of the temperature dependence of the elastic
modulus cL around the TGT due to different cooling rates. Right : actually observed
behaviour of this temperature dependence around the TGT

like, the same holds true for the local order. However, there remains some free
volume, which gives space for some random flight of the molecules. Since at
the TGT the specific volume behaves continuously (see Sect. 3.3) the liquid
and the glassy state have the same specific volume at Tg.

Assuming a rather high reference temperature T and a probe frequency
f which is sufficiently high providing that still a high frequency clamped
elastic modulus is measured, the related c∞L (T ≥ Tg)-value is located on the
equilibrium liquid branch. At slow cooling the measured c∞L -data remain on
this liquid branch. At a sufficiently large cooling rate Ṫ1 the c∞L -curve bends
away from the equilibrium liquid curve (Fig. 3.59). It should be stressed that
this bending occurs despite the fact that the molecular dynamics related to
the formation of the glassy state is already frequency-clamped. Consequently,
what is observed is the temperature-rate dependence of a frequency-clamped
quantity c∞L (Ṫ ). The question arises then about the tangent of the c∞L -curve
during fast cooling and its isothermal recovery after quenching. According to
all existing experimental data, the change of the tangent ∂c∞L (T )/∂T behaves
continuously as a function of time and of temperature. In the temperature
interval between the start of the quenching process and the TGT the absolute
value c∞L (T, Ṫ ) and the tangent ∂c∞L (T )/∂T converges versus the related equi-
librium values of the liquid state. The relaxation time of this isothermal re-
covery process increases strongly on approaching the TGT (see Sect. 3.4). The
question arises, following a kinetic view of the glass transition, what happens
below Tg with c∞L (T ≤ Tg, Ṫ ) and ∂c∞L (T ≤ Tg)/∂T? Intuitively, a smaller
cooling rate Ṫ should bring these values closer to the expected equilibrium
data which are located on the extrapolated liquid branch (Fig. 3.59, left).

However, that’s not what is observed! A schematic drawing of what actu-
ally is observed is given on the right side of Fig. 3.59. Away from the immediate
departure from the equilibrium curve, the c∞L (T < Tg, Ṫ )-data are located on
a straight line with a tangent mg = ∂c∞L (T )/∂T = const which is independent
of the cooling rate −Ṫ . It is worth noting that the y-axis intercept depends
on −Ṫ and decreases with the increase of the cooling rate. In the other limit,
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given by Ṫ → −0, the kinetic view demands again that the c∞L (T, Ṫ → −0)-
values are located on the extrapolated liquid branch. The latter argument
demands a discontinuous change from mg to m� for T → Tg as well as for
T → 0. The independence of mg from the temperature rate −Ṫ for T < Tg

demands a special structure of the glassy state: Independently from the cool-
ing rate there is formed a glassy state which is randomly closed packed (rcp)
where the rcp-state is rigid (c44 > 0). This rcp-state includes voids (free vol-
ume) which are surrounded by the rcp’s. The temperature gradient of this
state is determined by the temperature gradient of the rcp-matrix which has
to be mg. Consequently, there exists a spontaneous transition from the liquid
state to a well defined matrix state with a temperature gradient mg and addi-
tional free volume which does not contribute to the thermal expansion of the
glassy material but which depends on the cooling rate. This transition from
the liquid to the glassy matrix state takes place at the TGT. Therefore, with
respect to the free volume the glassy state depends on the cooling rate −Ṫ .
With respect to the matrix the glassy state is unique. For very low cooling
rates the free volume goes to zero and there remains a well defined glassy
state.

The freezing process of glass forming liquids in porous glasses shows a
further aspect of the static and dynamic behaviour of the acoustic properties
at the TGT. Dibutylphtalate (DBP) is known to be a good glass-forming
liquid with a freezing point at about 175 K. Porous glasses with average pore
diameters of 20 nm and 2.5 nm were filled with DBP. The glass transition
behaviour was investigated with temperature modulated differential scanning
calorimetry (TMDSC) and with Brillouin spectroscopy (Fig. 3.60).

First of all there seems to be no Tg-shift between DBP-filled porous glasses
of 2.5 nm and 20 nm. This result is astonishing for DBP in nanopores of 2.5 nm

Fig. 3.60. Temperature dependence of the hypersonic frequency of DBP in porous
glasses with pore diameters of 20 nm and 2.5 nm
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Fig. 3.61. Temperature dependence of the specific heat capacity and of the hy-
personic velocity of DBP in the bulk and in a porous glass of a pore diameter of
2.5 nm

because there seem to exist mainly DPB molecules which are in direct contact
to the wall of the pores. These “DBP-wall molecules” are usually believed to
be immobile. Consequently, from a dynamic point of view they should not
undergo a glass transition, but they obviously do. Brillouin data as well as
specific heat capacity data clearly show a TGT for pore diameters of 2.5 nm.
For pore diameters as large as 20 nm there are of course other than “DBP-
wall molecules”. For this reason a change of the glass transition behaviour is
expected between 2.5 nm- and 20 nm diameter pores.

Figure 3.61 shows a comparison of specific heat capacity data and Bril-
louin data between the bulk DBP and DBP in glass pores of 2.5 nm diam-
eter. For these two extreme situations a clear Tg-shift of 5 K and a change
in the phenomenological behaviour of the c′p – curves are observed, whereas
the sound frequencies show for both cases the usual kink-like behaviour. Since
the amount of DBP per unit-volume in the pore-system is much smaller than
in the bulk material the kink in the pore system is much weaker than in the
bulk system. The anomaly of the c′p – curve for DBP in 2.5 nm pores can be
interpreted as a kink whereas for the bulk DBP a step rather than a kink is
observed.

This step-like behaviour (Fig. 3.61) is usually interpreted as the transition
from the fast motion- to the slow motion regime, i.e. the inflection point of the
c′p - curve appears at 2 ·π ·f ·τ ∼= 1. Consequently, steps within the c′p − curve
should be accompanied by a maximal loss, i.e. a c′′p(T )− maximum. Figure 3.62
shows that the expected c′′p(T ) − maximum is indeed present but does not
scale at all with the height of the jump of the c′p – curve. The jump amounts to
about 1 J/g/K whereas the peak height of the c′′p(T )− maximum amounts to
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Fig. 3.62. Temperature dependence of the imaginary part c′′p for bulk material of
DPB and for DBP in a porous glass with pore diameters of 2.5 nm

0.2 J/g/K. On the other hand the width of the peak is rather small so that a
broad distribution of relaxation times can be excluded. Consequently, it seems
likely that the measured c′p – curve is composed by a static cp-background and
an additional dynamic relaxation anomaly (probe frequency f = 16.7 mHz).

Comparing the c′p – and c′′p(T ) – data measured for the bulk with those
for the nano-pores of 2.5 nm an astonishing result is obtained (Fig. 3.62). The
relaxation maximum in c′′p(T ) for DBP in 2.5 nm pores has completely disap-
peared. This result would be in complete agreement with the idea mentioned
above that in 2.5 nm pores all molecules are pinned wall-molecules. This idea
seems to be in contradiction with the existence of a TGT. If something freezes
below Tg it should be allowed to move to some extent above Tg. Together
these arguments imply that the expected relaxation process lies outside the
temperature interval of investigation. If this latter argument holds true, the
related TGT has nothing to do with a cross-over between the intrinsic relax-
ation time and probing time! Consequently the cp-curve measured for DBP
in 2.5 nm pores represents static specific heat capacity data. Another conse-
quence concerns the general role of the α-relaxation process: the α-process
is not a prerequisite for the thermal glass transition! It is worth noting that
similar behaviours were found for glycerol, I1 and salol in porous glasses of
different pore diameters [150].

3.6 The Role of Non-Linear Elastic Behaviour
at the Thermal and Chemical Glass Transition

In Sect. 3.1 it was shown that orientational glasses, i.e. single crystals with
frozen orientational disorder, show the same anomalies within their phenom-
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enological properties at their thermal glass transition as structural glass form-
ers do. Above the glass transition of these crystals with orientational disorder
the material is dynamically disordered with respect to the molecular orien-
tation [151–155]. However, the positional order is given, at least on average.
At the glass transition of these dynamically disordered crystals, the disorder
of the molecular orientation freezes but the positional order is maintained.
The specific volume, the refractive index and the high-frequency clamped
elastic constants show a kink-like behaviour at the glass transition tempera-
ture Tg (Figs. 3.6, 3.7). The habitual concept of free volume, which goes to
a minimum at Tg, in connection with a kind of molecular percolation, be-
comes meaningless for these orientational glasses. The concept of a molecular
interaction potential which changes spontaneously at Tg seems to be more
useful [156–162]. Therefore it makes sense to reinvestigate the glass transi-
tion in structural glass formers under the aspect of a spontaneously changing
molecular interaction potential.

In spin glasses the non-linear behaviour of the order parameter plays a
significant role [cf. 163]. Whereas the linear susceptibilities just show a kink,
the nonlinear susceptibilities have been found to diverge in the vicinity of
the freezing temperature Tg. This latter fact yields an additional argument to
study non-linear elastic properties around the TGT of structural glasses.

Usually non-linear elastic properties are not easy to measure. This holds
especially true for the glass transition zone of structural glasses in which the
material transforms from the liquid to the “solid” state. A quantity which
reflects non-linear elastic properties on one hand [cf. 157] and which can be
determined exclusively from Brillouin spectroscopic data [164, 165] on the
other hand are the acoustic mode-Grüneisen parameters (MGP) [157].
To our knowledge there exist no theoretical predictions for the temperature
behaviour of the MGP’s at the glass transition of structural glasses. In an
isotropic solid the MGP relates the sound frequency of a p− polarized sound
mode of a given wave vector q to its mass density ρ [10].

γ(p, q) =
∂Ln(f(p, q))

∂Ln(ρ)
(3.56)

Since for isotropic materials there exist only longitudinally and transversely
polarized modes (p = L, T ) we use in the following the notation L and T . It
is expected that the concept of the MGP can be extended to acoustic waves
propagating in liquids, and that within the solid or glassy state, the MGP [166]
varies only slightly with temperature. γL of a liquid still reflects anharmonic
properties and structural changes of the liquid state [59,156–158,160,166,167].

There exist only a few Brillouin investigations on the temperature depen-
dence of the MGP at the TGT [156,164, 165]. Brody et al. [156] investigated
polystyrene by Brillouin spectroscopy and reported at Tg a small step of the
MGP defined by Eq. (3.56). However, because of their rather large margin of
experimental errors they did not arrive at a definitive statement concerning
the step-like behaviour of γL. In Ref. [164, 165] the observed discontinuities
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of γL(T ) at the glass-transition temperatures Tg of polymethylmethacrylate,
polystyrene and polyvinylacetate were related to a change of the molecular
interaction forces. The discontinuity of γL of polystyrene was found to be
4.3 which is by a factor of 3.6 larger than that reported in Ref. [156]. This
illustrates some of the difficulties to determine reliable data for MGP’s.

In order to determine a MGP, given by Eq. (3.56), one has to study the
relative change of the mode frequency fL,T as a function of a relative change
of mass density ρ. Usually this is realized by changing the pressure p or the
temperature T of the sample yielding

γL,T (x) =
ρ(x)

fL,T (x)
∂fL,T (x)
∂ρ(x)

=
δL,T (x)
α(x)

(3.57)

with

δL,T (x) =
1

fL,T (x)
∂fL,T (x)
∂(x)

(3.58)

and

α(x) =
1

ρ(x)
∂ρ(x)
∂(x)

(3.59)

with x being the pressure p or the temperature T . If x = T , then α is the usual
thermal volume expansion coefficient. α(x) is a generalized volume expansion
coefficient and ∂L,T (x) a generalized frequency coefficient.

It is important to remember that BS probes the acoustic modes at GHz-
frequencies. In consequence, BS measures around the TGT predominantly
frequency clamped acoustic properties, i.e. the glass forming material under
investigation behaves even in the liquid state solid-like with respect to the
probe frequency. Modern BS is able to measure acoustic mode frequencies
with a relative accuracy of better than 0.1%. This accuracy is sufficient for
the determination of MGP’s.

More difficult is the determination of sufficiently accurate mass density
data. In the context of density measurements around the glass transition the
technical problems are significantly increased due to the fact that the sample
passes from the liquid to the solid state or vice versa. Of course measurement
techniques for these two states need to differ from each other. This problem
of accuracy becomes reinforced through the sticking of the sample on the
container wall and the accompanying internal stresses. A serious additional
problem of accuracy occurs if mode frequencies and mass density data are
not measured under precisely the same external conditions. In case that the
mode frequencies and mass densities are measured on different samples at
different choices of temperatures or pressures an interpolation or curve fitting
is needed in order to create values for fL,T and ρ at the same temperatures or
pressures. Since the behaviour of MGP’s is studied in the vicinity of the TGT,
different cooling conditions of the samples in use may destroy the validity of
the calculated result. The same holds true for inhomogeneous samples (inho-
mogeneities may arise from internal stresses). Then the physical information
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Fig. 3.63. Chemical formula of the oligoarylate mixture I2

about the mode frequency and the mass density is obtained from different
sample volumes.

A suitable way to overcome most of the problems mentioned above is to
obtain the information about the phonon frequencies and the mass density
at the same time and temperature or pressure from almost the same sample
volume. This is possible using high-performance Brillouin spectroscopy (BS)
in the 90A- and the 90R- or 180-scattering geometry. The combination of
these scattering techniques provides simultaneously the desired frequencies of
the acoustic modes and refractive index data as a function of temperature
T [18, 19].

The Lorentz-Lorenz relation

n(T )2 − 1
n(T )2 + 2

= r · ρ(T ) (3.60)

yields the necessary relation between the refractive index n and the mass
density ρ. Taking the specific refractivity r as a constant, the generalized
expansion coefficient α(T ) can be calculated from

α(T ) =
6 · n(T )

n(T )2 − 1)(n(T )2 + 2)
· ∂n(T )

∂T
(3.61)

Calculating the frequency coefficient δL,T (T ) directly from the measured
sound frequencies and using the data given by Eq. (3.54) for the volume
expansion coefficient α(T ), the MGP’s γL,T (T ) can be determined according
to Eq. (3.57). Whereas the MGP’s in the glassy state are clearly connected to
anharmonic behaviour, the interpretation in the regime of the clamped fluid is
more difficult because of the possible influence of entropic degrees of freedom.

The following analysis of MGP’s was made for an oligoarylate mixture
which will be called I2 (Fig. 3.63) for convenience. The Brillouin data were
measured on slow cooling and the sound frequencies f90A

L,T and f90R
L were

determined simultaneously. Figures 3.64 to 3.66 show the raw data.
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Fig. 3.64. Temperature dependence of the longitudinal and transverse 90A-mode
of the oligoarylate mixture I2

Fig. 3.65. Temperature dependence of the longitudinal 90A- and 90R-modes of the
oligoarylate mixture I2

The quasi-static TGT is at about 262 K. Up to 320 K the shear phonon
could be detected without major difficulties. The opto-acoustic dispersion
function (D-function) could be derived from the 90A- and the 90R-scattering
geometry (Figs. 3.65, 3.66). According to Fig. 3.66 the D-data have been
interpreted as data for the refractive index. This is reasonable since the re-
fractive index measured with an Abbé refractometer (crossed circle, nD) is in
accordance with the D,n-value obtained from BS.
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Fig. 3.66. Temperature dependence of the refractive index n of I2 as mea-
sured by the D-function. The crossed circle represents a value measured by Abbé-
refractometry

As for other oligomeric glass formers, the square of the acoustic mode
frequencies fulfill a generalized Cauchy relation (Fig. 3.67) with a slope of
almost 3 as usual (see Sect. 3.3).

The calculation of the longitudinal and transverse mode-Grüneisen pa-
rameters poses some numerical problems. Due to the scatter of the mea-
sured sound frequency and the refractive index data numerical differentiation
gave no reliable results for the frequency coefficient δ and the volume expan-
sion coefficient α. In order to obtain reliable results the measured data were
first interpolated and then smoothed (moving average) to a sufficient degree.
Figure 3.68 shows the sound frequency data treated in this way.

The immediate vicinity of the TGT has been removed from the numerical
treatment because of a possible misleading interpretation of the kink feature.
Figure 3.69 displays calculated data for the refractive index and the volume
expansion coefficient using the Lorentz-Lorenz relation Eq. (3.53). The data
of the immediate vicinity of the TGT have been again removed from the data.
The refractive indices obtained from the D-function correspond to an optical
wavelength of 532 nm and not to nD.

Finally, Fig. 3.70 displays the temperature dependence of the longitudinal
and transverse acoustic MGP’s γL(T ) and γT (T ). In the margin of error both
MGP’s are identical and behave jump-like at the TGT. The magnitude of the
jumps ∆γL and ∆γT of the mode Grüneisen parameters are of the order of
20%. The tangent of the MGP’s is larger in the fluid phase which may be due
to the aforementioned entropic influences in the fluid phase.

The question arises about the significance of these results for the nature of
the TGT of structural glass formers. If we interpret the TGT as a purely ki-
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Fig. 3.67. Generalized Cauchy relation of I2

Fig. 3.68. Temperature dependence of the longitudinal 90A and 90R phonon fre-
quencies and the transverse 90A phonon frequency

netic phenomenon in the sense that the freezing of the sample can be avoided
on an infinitely long experimental time scale, the anomalies ∆γL,T in the TGT
zone would have to disappear. This disappearance has to be discontinuous be-
cause on finite experimental time scales ∆γL seems to be a conserved quantity,
as it shows no explicit dependence on the time scale with the exception of very
fast cooling, where ∆γL even increases. Consequently, it is hard to believe that
∆γL disappears on any experimental time scale.

The jump-like change of the MGP’s at the TGT gives a hint on what
happens physically at the TGT. In a first approach, the nonlinear elastic be-



138 J.K. Krüger et al.

Fig. 3.69. Temperature dependence of the thermal expansion coefficient α and of
the refractive index n of I2

Fig. 3.70. Temperature dependence of the longitudinal and transverse MGP’s γL

and γt of I2

haviour of the isotropic state is described by six elastic constants of third
order [17,166]: c111, c112, c123, c144, c155, c456 together with three isotropy con-
ditions:

c112 = c123 + 2 · c144 (3.62a)
c155 = c144 + 2 · c456 (3.62b)
c111 = c123 + 6 · c144 + 8 · c456 (3.62c)

Thus only three independent third order elastic constants remain.
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These third-order elastic constants together with the second-order elastic
constants can be used to calculate the two acoustic MGP’s γL and γT [16,20].
The reversal is not true:

γL =
(

K

2c11

)

− (c111 + 2 · c112)
6 · c11

− 1
3

(3.63a)

γT =
(

K

2 · c44

)

− (c144 + 2 · c155)
6 · c44

− 1
3

(3.63b)

with K being the compressional modulus.
Recalling that the second-order elastic constants (c11, c44 and K behave

continuously at the TGT and assuming the temperature difference ε to be
infinitesimally small, at least one of the three third-order elastic constants
behaves discontinuously

γ
Tg+ε
L − γ

Tg−ε
L =

1
6 · c11(Tg)

[(c111(Tg + ε) − c111(Tg − ε))

+ 2(c112(Tg + ε) − c112(Tg − ε))] (3.64a)

and

γ
Tg+ε
T − γ

Tg−ε
T =

1
6 · c44(Tg)

[(c144(Tg + ε) − c144(Tg − ε))

+ 2(c166(Tg + ε) − c166(Tg − ε))] (3.64b)

It seems likely that the third-order elastic constants show a jump-like be-
haviour at the TGT. This latter interpretation suggests the idea that the TGT
is accompanied by a jump-like change of the molecular interaction potential.

A structural picture of this jump-like change of the molecular interaction
potential has been discussed for the TGT of polyvinylacetate (PVAc) in terms
of a percolation of clusters of minimum free volume [171, 172] in the sense of
Ref. [162, 173]. Within this hypothesis the jump-like behaviour of γ90A

L (T )
at Tg is interpreted as a consequence of the spontaneous structural but not
symmetry-breaking changes at Tg and that it is therefore unavoidable.

In order to elucidate the nature of the glass transition and in particular to
discriminate between the kinetic and the phase transition aspects of the TGT,
one of these two aspects should affect the experimental data very little and
might even be completely removed from it. As it was shown in the foregoing
sections, this can be done by an appropriate choice of experimental condi-
tions. Extremely slow cooling experiments combined with TDBS decreased
or even eliminated the influence of kinetics at the TGT. The inspection of
the generalized Cauchy relation in combination with fast quenching empha-
sized the kinetic aspect of the TGT and its connection to ageing phenomena.
The study of the non-linear elastic behaviour via the study of thermal MGP’s
again provided further evidence in favour of our phase transition view of the
TGT.
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A further approach to the understanding of the glass transition is to leave
the thermal version of this phenomenon in order to become completely rid
of the kinetics due to the cooling or heating procedures of the sample. In-
deed, freezing can proceed in different ways although the thermally induced
solidification discussed above is the most frequently investigated process. As
discussed above the TGT always suffers from the kinetic restrictions imposed
by the strong increase of the structural relaxation time τα above but close to
the TGT.

The “cross-over” between the intrinsic structural relaxation time scale τα

and the kinetic time scale (cooling rate, probe frequency, etc.) does not exist in
an isothermal polymerizing experiment, where the macromolecular structure
vitrifies in the course of the chemical reaction (any textbook of polymer chem-
istry or physics [174–176]). The related chemical glass transition (CGT)
can be performed without any change of external variables while the internal
variables equilibrate due to the chemical reaction.

The structural relaxation time τα increases in the course of the chemical
reaction, as new intermolecular bonds hinder the translational motions. In or-
der to visualize such a CGT, an experimental probe is needed that will neither
significantly disturb this equilibration process nor is influenced by dynamic
effects inside the sample. Provided the probe works in the limit of linear re-
sponse, the experimental time constants τexp (inverse probe frequencies) have
to be chosen in a way, that the relevant internal thermodynamic variables
do either move freely, i.e. τα/τexp 	 1, or behave as clamped quantities,
τα/τexp � 1.

The isothermal, isobaric curing of an epoxy resin can be considered as a
model for the CGT. The curing process starts from a two-component oligomer.
Once started, the polymerization, driven by the related chemical activities,
runs under appropriate conditions to the final brittle (glassy) polymer net-
work [174–176]. As a particular feature, the CGT is not dominated by changes
in molecular conformations and packing but by changes of the molecular struc-
ture due to the chemical conversion. Physical properties like mass density
ρ, chemical turnover u, refractive index n, frequency-clamped elastic con-
stants [15] c∞11 and c∞44, etc. behave completely continuously in the course of
the polymerization process. Different to the TGT, the CGT does not appear
as a distinct anomaly in phenomenological properties (with the exception of
the specific heat capacity cp) measured in linear response.

In the following we will study the curing process of our model substance
epoxy. The starting ingredients of this epoxy are diglycidylether of bisphenol A
(DGEBA, 100 mass parts) and diethylenetriamine (DETA, 14 mass parts).
In the curing experiment, temperature (T ≈ 296 K and pressure (ambient)
are set. The gross epoxy group consumption u serves as the leading internal
variable.

A suitable probe for the intrinsic glass transition which is little sensitive
to kinetic influences is provided by the acoustic MGP discussed before in this
section. Discontinuous changes of the MGP’s which are indicative for spon-
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taneous changes of the molecular interaction potential are only expected at
phase transitions (e.g. [158]). As a matter of fact, the strength of the disconti-
nuity is more or less independent of the cooling or heating rate although these
rates can slightly modify the temperature position of the discontinuity. Hav-
ing in mind this discontinuous behaviour of the longitudinal acoustic MGP
at the TGT the question appears whether or not acoustic MGP’s could pro-
vide a clearer picture of the location of the CGT on the scale of the chemical
turnover and about the nature of this reaction-driven freezing process.

Accordingly, the role of MGP as a sensitive probe for the glass transition
during chemical freezing is the matter of debate.

The basic relation for an acoustic mode-Grüneisen parameter as a function
of chemical turnover appears at a first sight strange:

γp,q (fp,q(u),ρ (u)) =
1

fp,q(u)

1
ρ(u)

dfp,q(u)
du

dρ(u)
du

=
δu

αu
(3.65)

In Eq. (3.65, p (=L, T ) denotes the polarization of the sound mode, q is
the wave vector. αu represents a generalized volume expansion coefficient, and
δu is a generalized gradient of sound velocity.

As the chemical reaction changes continuously the system itself, the usual
concept of MGP as a measure for anharmonicity is not applicable in this case.
Even if the potential was harmonic but dependent on u, the MGP would be
changed due to the reaction. Therefore to differentiate between the classic
MGP and the one defined for a chemical reaction, the latter one is denoted
as CMGP. The physical meaning of the CMGP is somewhat clouded.

As for the TGT the CMGP’s are best measured with Brillouin spec-
troscopy or more precisely with Time Domain Brillouin spectroscopy (TDBS)
(see Sect. 3.4) using the so-called 90A-scattering geometry [163, 165]. This
scattering technique meets exactly the measuring condition for the sound fre-
quency, which is needed to calculate the related CMGP’s [156, 158, 159, 165,
166]: a constant phonon wave vector in the course of a changing phonon fre-
quency f . A laser wavelength λopt = 532 nm yields an acoustic wave vector:

q90A= {(4 · π · sin (π/4)) /532 nm} (3.66)

The hypersonic velocities are then obtained from the usual dispersion re-
lation

v90A
L,T (t) =

2 · π · f90A
L,T (t)

q90A
(3.67)

The determination of CMGP’s at the CGT has to be done at constant tem-
perature. As discussed above, the determination of CMGP’s needs the knowl-
edge of the mass density measured under the same conditions under which
the related phonon frequencies were determined. Again, the mass density can
best be obtained via the optical refractive index with help of Eq. (3.53). At
ambient temperature a very precise way to measure refractive index data
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is Abbé refractometry. With this technique the temporal evolution of the
refractive index of the model epoxy can be determined at the same wave-
length, λopt = 532 nm as used for Brillouin spectroscopy. The refractive index
n =

√
ε∞(λopt) is directly related to the dielectric constant measured at

optical frequencies (fopt ≈ 5 · 1014 Hz).
Figure 3.71 gives an overview over the temporal evolution of the refractive

index n, of the longitudinal sound velocity vL and of the specific heat capacity
cp for a curing process at 296 K. It is obvious from Fig. 3.71 that the apparent
anomalies in the three susceptibilities occur at different times and therefore
at different degrees of chemical turnover. Consequently there is no unique
indication for the location of the CGT.

Whereas for the TGT the natural driving parameter is the temperature
T , the natural parameter for the CGT is the time t. Of course, the time
t is not a property of the material under study. A more physical driving
parameter would be the amount of chemical conversion (turnover) u (s.a.
Fig. 3.72). Attenuated total reflection infrared spectroscopy (IR-ATR) yields
the chemical turnover u as a function of curing time t. With the inten-
sity I(1510 cm−1) of the phenylene band as internal standard, the intensity
I(915 cm−1) of the epoxy band is normalized to: Inorm

EP (t) = I915(t)/I1510(t).
Then, the IR-spectroscopic degree of epoxy group consumption u is calculated
from u(t) = [1 − Inorm

EP (t)
IEP(0) ].

Fig. 3.71. Temporal development of the refractive index n, the specific heat ca-
pacity cp and the longitudinal sound velocity vL during the cross-linking of a
DGEBA/DETA mixture of 100/14 at T = 296 K
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Fig. 3.72. Chemical turnover u and chemical turnover rate du
dt

as a function of
curing time t for the cross-linking of DGEBA/DETA 100/14

Figure 3.72 shows for the model epoxy mentioned above how the chemical
turnover u and its rate ∂t(u) depend on the curing time t.u = u(t) behaves
completely smooth and ∂t(u) shows a peak in the short time regime at about
t = 9000 s. It is evident, that even after differentiation of u = u(t) no discon-
tinuity emerges from the measured data.

As mentioned above, CMGP’s are derived from static or frequency-
clamped acoustic properties. Therefore it has to be checked whether the sound
modes are measured in a relaxation-free time regime.

Figure 3.73 shows the evolution of the structural relaxation time τα as
measured by dielectric spectroscopy (DES) within the time interval between
roughly tcure = 0 s and tcure = 25 · 103 s. The relaxation time increases within
this time interval from about τα = 10−9 s to τα = 10 s. Following usual con-
ventions the DES data can be used to define an operative glass transition
time: topg = 2.5 · 103 s.

According to Fig. 3.73 the CGT is accompanied by a strong increase of
τα. In the time interval Isoft = [0, topg ] the hypersonic frequency f90A

L increases
from about 5.5 GHz to 7.5 GHz (Fig. 3.73). As a result, BS as a probe for
hypersonic frequencies f offers the possibility to measure clamped mechanical
properties in almost the full interval: 2 · π · f · τα � 1. As a result, neglect-
ing curing times up to 5000 s the related elastic constants c∞11 and c∞44 are
frequency-clamped quantities.

Figure 3.74 gives the frequency clamped sound velocities v90A
L (t) and

v90A
t (t) and the refractive index n = n(t) as measured with an Abbé refrac-

tometer. All Brillouin data which eventually do not represent the frequency-
clamped state have been suppressed. The longitudinal and the transverse
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Fig. 3.73. Sound frequency f90A
L and structural α-relaxation time as a function of

curing time t for DGEBA/DETA 100/14

Fig. 3.74. Sound velocity (L-mode: f90A
L ; T-mode: f90A

L and the refractive index,
n296K

D , as a function of curing time t

sound velocities v90A
L (t) and v90A

t (t) behave strongly non-linearly but both
show a very similar increase with the curing time.

We have recently shown that the changes of c11 and c44 in the course
of the thermal glass transition usually follow a generalized Cauchy condition
[177–179]

c11(x) = A+ 3 · c44(x) (3.68)

with
∂xc11 = 3 · ∂xc44 (3.69)
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Fig. 3.75. Linear fit of the squared hypersound velocities (v90A
L )2 vs. (v90A

L )2. The
residuals of the fit show the validity of the generalized Cauchy condition (v90A

L )2 =
Ã + 3 · (v90A

L )2

(x = time, temperature, turnover). The same relation is found for our model
epoxy during the chemical reaction even across the chemical glass transition.

Figure 3.75 shows the result using the sound velocity representation [178,
179]

(
v90A

L

)2
= Ã+B ·

(
v90A

T

)2
(3.70)

with Ã = A/ρ = 2.3 · 106 m2s2 and B = 3. This Cauchy relation holds true
throughout the whole curing process.

Taking into account that any curing process reflects a succession of non-
equilibrium transitions it is really surprising that the generalized Cauchy re-
lation holds true.

This result is even more astonishing if we take into account results on ther-
mally quenched canonical glass formers mentioned in Sect. 3.3: the quench-
ing process has destroyed the Cauchy relation yielding a higher slope of the
c11 = c11(c44)-curve. If even the non-equilibrium curing process does not vi-
olate the Cauchy relation, one can conclude that the totally hidden CGT
represents at least not a strong non-equilibrium process in the sense that the
longitudinal and the shear elastic constant get out of equilibrium with respect
to each other.



146 J.K. Krüger et al.

Fig. 3.76. Temporal volume expansion coefficient αt, temporal sound frequency
gradient δt of the L-mode and the chemical turnover rate du

dt
as a function of curing

time t

It remains the question whether the acoustic CMGP’s do respond more
sensitively to the CGT than the Cauchy relation does. The acoustic CMGP’s
γ are related to the sound mode frequencies f and to the mass density ρ, which
in turn are functions of u. Since the external parameters like temperature and
pressure are kept fixed during the measurement, all time scales relevant for the
chemical freezing process are controlled internally by the chemical reaction.
Hence, the cross-over problem as observed at the TGT is avoided, the CGT
cannot be obscured by kinetic effects.

For the evaluation of the CMGP the quantities f , ρ and u are indepen-
dently measured as a function of curing time t at 296 K but in order to
calculate the related

γ90A
L,T = γ90A

L,T =
δ90A
L,T (u)
α(u)

(3.71)

the δ and α-values have to be provided for the same u(t). Again interpola-
tion between measured data and the application of moving averages solve the
numerical problems. Figures 3.75 and 3.76 depict the temporal sound propa-
gation coefficient

(
δ90A
L,T

)t
=

1
f90A

L,T

∂f90A
L,T

∂t
(3.72)

as calculated from f90A
L,T (t).

Since the determination of the MGP’s needs the generalized volume expan-
sion coefficient αu this quantity has to be derived from the time dependence
of the refractive index n(t) and of the chemical turnover u(t). In a first step
αt is calculated
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αt=
1
ρ
· ∂ρ
∂t

=
6n(t)

n4(t) + n
2(t) − 2

· ∂n
∂t

(3.73)

Figure 3.76 shows the temporal evolution of this quantity. The refractive index
n = n296K

D was measured with an Abbé refractometer at a temperature of
296 K (black curve in Fig. 3.74). The n(t)-data were measured on the same
epoxy batch which was splitted for the different experiments after preparation.
With the available ∂tu-data (Fig. 3.72), the generalized expansion coefficient
αt can be transformed into

αu =
1
ρ
· ∂ρ
∂u

=
αt

du/dt
(3.74)

Having calculated all ingredients, we are able to determine the CMGPs from
Eq. (3.70). Figure 3.78 provides the results for γ90A

L and γ90A
T of these calcula-

tions as a function of u. The chemical turnover ug corresponding to the peak
position of γ90A

L (ug) and γ90A
T (ug) is interpreted as the degree of chemical

conversion for which the ideal glass transition takes place as explained in the
following.

Firstly, the peaks of the MGP’s occur by far later than those of δu and
αu (Figs. 3.76, 3.77). Secondly δu

L,T

αu remains constant in the region of the
strongest variations of these two quantities whereas the peaks of γ90A

L,T appear
far in the almost flat wings of δu and αu for u > 0.6 (Fig. 3.79). Consequently,
the appearance of the γL,T -peaks results from the different levelling of δu and
αu at high degrees of curing: on approaching the CGT the volume expansion
coefficient α slows faster down than the frequency expansion coefficient δ
does and finally levels. This means, that the frequency change per change of
density increases on approaching the CGT. If at still higher degrees of chemical

Fig. 3.77. Temporal longitudinal frequency coefficient δt and temporal MGP
(γ90A

L )t of the L-mode as a function of curing time t
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Fig. 3.78. Grüneisen parameters γL and γT as a function of the degree of chemical
conversion u ·ug gives the “critical” degree of chemical conversion at which the ideal
glass transition is assumed to take place

turnover the frequency coefficient also starts to level, the CMGP slows down
again.

For the epoxy samples of 14 mass percent DETA the DETA concentra-
tion is sufficiently high (over-stoichiometric) that, at least in principal, the
chemical reaction could be completed. It is therefore interesting to note that
the chemical turnover u for the sample of 14 mass percent DETA does not
reach the value of 100% but stops at 70% if the curing process takes place

Fig. 3.79. Sound frequency coefficient δ, expansion coefficient α and longi-
tudinal mode-Grüneisen parameter γL spectroscopic chemical conversion u of
DGEBA/DETA 100/14
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at Tcure = 296 K. It seems that the CGT stops or at least significantly slows
down the curing process. This explains the anomaly of the volume- and the
frequency coefficients around the critical concentration ug (Fig. 3.79). It is
therefore expected that the CGT’s of reactive epoxy systems depend on the
concentration of DETA and shift to shorter times with increasing concen-
tration of the latter. At a sufficiently low amount of DETA the formation
of network knots is limited so strongly that no more chemical freezing takes
place during polymerization at ambient temperature. The evolution of the
CMGP as a sensitive indicator for the CGT should therefore depend on the
DETA concentration. Figure 3.80 confirms this interpretation. The sample of
18 mass percent DETA shows its CGT after about 300 min of curing whereas
the CGT of the sample of 14 mass percent DETA freezes only after about
500 min. The sample with only 6 mass percent of DETA does not freeze at
all at ambient temperature. Of course, these results do not give information
about a possible shift of the critical turnover with the concentration of DETA.
Recent measurements on polyurethanes show in principal the same behaviour
at the CGT [180]. In Fig. 3.80 another feature of the CMGP’s at the CGT
becomes evident which concerns the long time behaviour. As a matter of fact,
after a sufficiently long curing time there should be neither a change of the
mass density nor of the phonon frequencies, all quantities should saturate.
Consequently, the CMGP’s should become constant but that information is
by definition inaccessible. An approximative information about the limiting
values for the CMGP’s can be calculated from δ and α-values reliably larger
than zero.

In conclusion, the reactive system DGEBA/DETA (100/14) transforms
during the crosslinking process from a two-component liquid via a percolated

Fig. 3.80. Temporal evolution of the longitudinal mode-Grüneisen parameters for
the model epoxy system DGEBA/DETA 100/18, 100/14 and 100/6
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epoxy network into a chemically induced glass. The most pronounced change
of behaviour is the given by the maximum of the CMGP, so that this maximum
has to be identified with the chemical glass transition. As kinetic influences
are excluded an intrinsic glass transition seems to exist for this model epoxy
at the degree of conversion, ug ∼0.70. In the phase of low chemical conversion,
i.e. in the “liquid phase” with u 	 ug, the Grüneisen parameters γL and γT

exceed those of the glassy state (u > ug) respectively. Although a percolation
transition exists below ug, this transition seems not or only weakly coupled
to the measured and calculated phenomenological parameters. At ug, the lon-
gitudinal as well as the transverse acoustic mode-Grüneisen parameters go
through a rather sharp maximum.

It should be stressed that for u = ug the TGT of the material coincides
with the curing temperature Tg(ug) = Tcure. Therefore it exists an inherent
correlation between the CGT and the TGT. But in as much as the material
can continue to cure in the chemical glassy state the related thermal glass
transition temperature will exceed the curing temperature.

To this end it is interesting to clarify the different significances of the
MGP’s for the thermal and the chemical freezing process. For the TGT it
should be kept in mind, that constant MGP’s indicate, that the related mole-
cular interaction potential is independent of temperature and a discontinuous
change of the MGP’s at a definite temperature Tg indicates a discontinuous
structural change within the material of interest. This point of view implies
that in the liquid and the glassy state of a given canonical glass former re-
spectively two different molecular interaction potentials are responsible for
the temperature dependence of phenomenological properties and that these
properties at a given temperature correspond to a related thermally excited
state within the appropriate potential. In reality the MGP’s are not com-
pletely independent of temperature. This holds especially true for the liquid
state and indicates the appearances of slight but continuous changes of the
local structure with changing temperature and/or the influence of entropic
degrees of freedom.

During chemical freezing the situation is completely different. With in-
creasing curing time the initially two-component liquid transforms continu-
ously to a molecular network. This formation of a molecular network corre-
sponds to a continuous change of structure and therefore should yield time
dependent MGP’s. This means that the changes of the CMGP’s observed in
the course of curing may reflect structural changes rather than pure changes
of anharmonicity. This is understandable since all external variables remain
constant during the curing process. It is interesting to note that in the early
curing regime until the CGT, that is the regime were the formation of network
knots is fast, the two acoustic CMGP’s γ90A

L,T (u) remain almost independent
of u (Fig. 3.78). Obviously, this behaviour corresponds to a roughly linear
dependence of the elastic modulus on mass density, as δ = γ · α. Indeed, over
a wide range of ρ-values the elastic modulus c11 behaves linearly as a function
of ρ. Only in the glass transition region a strong increase of c11 followed by
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Fig. 3.81. Difference in the sum of third-order elastic constants c111 and c112 be-
tween glassy and fluid phase vs. chemical conversion u for DGEBA/DETA 100/14

a levelling of this quantity appears (Fig. 3.81). In other words, the structural
changes accompanying the curing process do not affect the relative change of
the phonon frequencies induced by the changes of mass density created by the
same chemical process. This implies, that all changes in the frequency coeffi-
cients δ90A

L,T (u) and the volume expansion coefficient α(u) can be described by
the same factor c(u) with

δ90A
L,T (u) = δ90A

L,T (u0) · cδ(u) (3.75a)
α(u) = α(u0) · cα(u) (3.75b)

with cα,δ(u0) = 1.
Dividing Eq. (3.77a) by Eq. (3.77b) yields

cδ(u)
cα(u)

= const =
cδ(u0)
cα(u0)

= 1 (3.76)

Of course this identity is only approximately fulfilled. Within the peak region
representing the CGT the order relation cδ(uo) ≥ cα(uo) holds true.

It therefore has to be concluded, that from the mechanical point of view
the chemical freezing process is much more dominant and effective than the
driving polymerization and percolation process. Even in a molecular plastic
crystal the same kind of discontinuity was found (see Sect. 3.1, DFTCE).

In the vicinity of the CGT the α-relaxation process is slow and the contin-
uation of further curing is in concurrence to the freezing process. At the be-
ginning of the CGT, due to the improved molecular packing, first the changes
of the density are slowed down but still some curing can happen in the almost
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fixed molecular skeleton. The additional bonds, included in the spatially fixed
molecular structure, further stabilize the existing skeleton and thus increase
the phonon frequency due to an improved elastic stiffness. This additional sta-
bilization of the given molecular skeleton causes the anomaly of the CMGP.
After the CGT the system behaves like a solid, so that further bonds can in-
fluence the elastic behaviour only slightly. The glassy state hinders the trans-
lational diffusion of oligomers and cross-linked clusters but does not fully stop
it, so that further reactions are still possible. These further reactions deprive
the system of this potentially swelling molecular groups, so that the density
is increased, which leads to a slowing down of the CMGP’s.

It is self explaining that mechanical properties which describe mechanical
stiffnesses are suitable probes for glass transitions. The stiffening at the transi-
tion from the liquid to the glassy state is at least partly caused by an improved
molecular packing. But that is only part of the truth. As has been deduced in
this chapter from the evolutions of the MGP’s around the glass transitions,
there exists an additional contribution to elastic stiffness caused by stiffened
spring constants not related to density changes. The chemical glass transition
demonstrates this effect drastically, because additional chemical bondings can
at least in principal increase the mechanical stiffness without changing the
mass density. The same observation of an excess stiffness as a function of den-
sity holds true at the thermal glass transition, although additional bondings
don’t play any role. This excess stiffness occurring at glass transitions seems
to be one of the central features of glass transitions.

3.7 Conclusion

There is no doubt that kinetic phenomena accompany the thermal as well as
the chemical glass transition. The leading role of the molecular kinetics for
the thermal and the chemical glass transition is not confirmed. Beyond the
influence of molecular kinetics there are sufficient proves for the existence of
an intrinsic glass transition which nature has to be elucidated furthermore.

The most striking evidences for the existence of such an intrinsic feature
are as follows:

The investigation of the generalized Cauchy relation on differently quenched
glass forming liquids has shown that there exist two different glassy states:
one which follows the generalized Cauchy relation and one which violates it.
Significant quenching creates a metastable glass and thus violates the gen-
eralized Cauchy relation. Under the latter conditions aging can be observed.
However, this aging process does not bring the material to the liquid phase
as predicted by the kinetic view but to a stable reference glassy state.

Time Domain Brillouin Spectroscopy shows for different glass forming liq-
uids a definite cut-off for the low-frequency relaxation processes often accom-
panying the thermal glass transition. As a consequence the move away from
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local equilibrium of the reference state due to a cross-over between the ex-
perimental time scale and the the α-relaxation time can be avoided and a
“equilibrium glassy state” is observed.

The inspection of the opto-acoustic dispersion function (D-function) proves
that in several glass forming liquids relaxation processes within the GHz-range
are present which are eliminated only by the quasi-static glass transition. In
contrast to the kinetic point of view, close to the quasi-static glass transi-
tion there are still very mobile relaxation processes which are cut off by the
quasi-static freezing process.

Glass-forming liquids filled-in in nano-porous glasses prove that the quasi-
static glass transition can occur without being accompanied by the α-relaxation
process. As a consequence, the glass transition takes place without any cross-
over of the experimental time with α-relaxation time.

The quasi-static glass transition in polymer liquid crystals has necessarily
to appear in order to avoid unrealistic elastic constants (supplement to the
so-called “Kauzmann Paradoxon”).

Structural glass formers and orientational glass formers sometimes show
identical anomalies at the quasi-static glass transition. The glass transition in
orientational glasses doesn’t need the ingredient of cooperative rearrangement
units.

The analysis of mode-Grüneisen parameters shows that the quasi-static
thermal glass transition is accompanied by a discontinuity of the physical
property. This result implies a jump-like change of the molecular interaction
potential at the glass transition indicating a spontaneous change of structure.
This discontinuity creates jump-like changes of the involved third-order elastic
constants. The latter observation is a clear hint for a phase transition.

Reactive polymers show a chemically induced freezing process called
“chemical glass transition” during the curing process. This type of transi-
tion shows again an anomalous behaviour of the mechanical properties during
freezing, indicating the existence of an intrinsic transition. The curing process
is a completely free running process without any influence of the experimen-
talist on the ongoing freezing process.

It is therefore time to revise the actual view of the glass transition.
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56. C. Grammes, J. K. Krüger, K.-P. Bohn, J. Baller, C. Fischer, C. Schorr, D. Ro-

gez, P. Alnot: Phys. Rev E, Vol. 51(1), 430 (1995)
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Phys. 36, 2976 (1997)
147. J. K. Krüger, K.-P. Bohn, M. Matsukawa, Phase Transitions 65, 279–289

(1998)
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170. J. K. Krüger, K. P. Bohn, R. Jimenez, Condensed Matter News 5, 10 (1996)
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