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Abstract
Several remarkable dynamic properties of glass-forming materials have recently been
discovered experimentally by the application of pressure. These properties have had a great
impact on the research field of glass transition because they are general and fundamental, and
not easy to explain. We review some of these experimental facts and show that they originate
from the intermolecular interactions and many-body relaxation dynamics of the structural
α-relaxation. While these properties are either not explained or not explainable by conventional
theories and models, they can be rationalized by the coupling model.

1. Introduction

The study of relaxation of glass-forming liquids by using
elevated pressure has a long history. As early as 1926,
Bridgman [1] measured viscosities at pressures of up to
1.2 GPa with a falling body viscometer. This was followed
by more recent measurements of viscosity under applied
pressure [2]. The earliest use of pressure to study the dynamics
by dielectric spectroscopy measurements was probably the
measurements by Gilchrist et al [3] on propanol and glycerol
at pressures as high as 100 MPa. This was followed
by others including the dielectric studies on polymers by
Williams [4–6], and by Sasabe et al [7, 8]. Another
example of early dielectric relaxation studies at elevated
pressure is that of Johari and Whalley [9], and of Naoki
and co-workers [10, 11]. Some examples of light scattering
experiments up to about 200 MPa include the works by Fytas,
Patkowski, and their co-workers [12–18]. Light scattering
measurements in the gigahertz regime at 12 GPa using a
diamond anvil cell have been reported [19]. A few neutron
scattering experiments carried out at high pressure have been
reported [20–23]. Calorimetric measurements in specially
designed instruments had been carried out under pressures as
high as 400 MPa [24–26].

The above cited papers are examples of investigations
of properties of glass-formers under pressure, mostly in the
past. These papers have shown the benefit of adding pressure
as a thermodynamic variable in the study of glass transition.

However, the majority of these earlier studies are on the effect
of pressure on transport coefficients and dynamics over limited
spectral ranges. The emphasis is solely on the structural or
primary α-relaxation. Since the turn of the century, we have
witnessed a significant increase of experimental investigations
of the relaxation dynamics of glass-formers under elevated
pressure. Often carried out by broadband dielectric relaxation
spectroscopy, these more recent studies reveal the change of
dynamics over wider ranges of frequency, temperature T and
pressure P . The broad time/frequency range enables us to see
with applied pressure the change of the primary α-relaxation
but also that of the fast relaxations, including the secondary
relaxations. In the case of polymers, the slower normal modes
of chain motion can be studied together with the α-relaxation
under pressure. The results of these studies are general and
fundamental properties, which should have tremendous impact
on our understanding of the dynamics and thermodynamics
of glass-formers. In this paper, some outstanding examples
are reviewed and discussed with the purpose of elucidating
the cause. For instance, one property is the crossover of
the T -or P-dependence of the α-relaxation τα or viscosity η

at the same value of τα or η independent of thermodynamic
conditions, i.e. different possible combinations of T , P and V .
This remarkable and universal dynamic property has not been
addressed before by any theory or model, and is the subject of
a detailed treatment in this paper.
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2. Examples of general properties of glass-formers
discovered by applying pressure

(i) Co-invariance of τα and n to changes in P and T

Broadband dielectric relaxation measurements of glass-
formers can be made at elevated pressures up to about 2 GPa,
which is four orders of magnitude higher than ambient pressure
of 0.1 MPa. Usually, all relaxation mechanisms of glass-
formers slow down with increase in pressure. The slowing
down at elevated pressure can be compensated by raising
temperature. Thus different combinations of P and T can be
found such that the most probable α-relaxation time, τα, has
the same value. In practice, this condition is achieved when
the maxima of the dielectric loss peaks are located at the same
frequency, να . Concomitant with the large variations of P and
T are large differences in the thermodynamic states (specific
volume V and entropy S) of the glass-formers even though
they all have the same τα. The remarkable finding from the
experimental data of many different molecular and polymeric
glass-formers is that the frequency dispersion (i.e. the shape) of
the α-relaxation remains the same for various combinations of
P and T having the same τα . Hydrogen bonded glass-formers
are excluded because high temperature in combination with
high pressure tends to break hydrogen bonds, and these glass-
formers no longer have the same structure [11, 27]. Plenty
of such experimental results can be found [28, 29]. In many
glass-formers, the breadth of the α-loss peak increases with τα ,
but the loss peaks obtained at different P and T combinations
superpose well for any choice of τα. The frequency dispersion
of the α-relaxation is uniquely and well described by the one-
sided Fourier transform of the Kohlrausch functions,

φ(t) = exp[−(t/τα)
1−n], (1)

with the following caveat. When fitting the frequency
dependence of the α-loss peaks obtained by dielectric
relaxation by the one-sided Fourier transform of the
Kohlrausch function, emphasis of good agreement with the
loss data is placed on the main peak especially on the low
frequency side, if the conductivity contribution is not present
there or the contribution has been removed if present. This fit
has taken into account nearly all the dielectric or mechanical
strength of the α-relaxation and the viscosity if the glass-
former is not polymeric. Deviations of the Kohlrausch fit to
the data invariably occur at frequencies sufficiently high above
the loss maximum. The deviations are considered natural in
the coupling model (CM) interpretation of the evolution of
dynamics with time [30–32]. They come from processes of
smaller length-scales that transpire at shorter times before the
dynamics evolve to the one with maximum length-scale and
correlation function given by the Kohlrausch function. Thus,
the experimental fact of constant dispersion at constant τα for
different T and P can be restated as the invariance of the
fractional exponent n (or the Kohlrausch exponent, βKWW ≡
1 − n), which is a measure of the breadth of the dispersion. In
other words, τα and n (or βKWW) are co-invariants of changing
thermodynamic conditions (T and P). This remarkable finding
has immense impact on glass transition. This is because

theories or models of glass transition, in which the dispersion
of the structural α-relaxation is not one of the determining
factors of the structural relaxation time, are unlikely to be
consistent with this property by happenstance. An exception
is the coupling model (CM) [30–34], whose defining equation,

τα = [t−n
c τ0]1/(1−n), (2)

links together τα and the dispersion parameter n. The crossover
time tc of the CM determined by the interaction potential is
independent of T and P . Hence constant dispersion parameter
n is a prerequisite to maintain a constant τα .

Dielectric spectroscopy was used to monitor the com-
ponent dynamics in the miscible blends of poly(vinyl
methylether) (PVME) and polystyrene (PS) [35, 36], and
PVME and poly(2-chlorostyrene) (P2CS) [37]. For the PVME
component, the shape of the segmental relaxation loss peak
depends only on the relaxation time and is otherwise inde-
pendent of various combinations of P and T , i.e. different
thermodynamic conditions. So are the binary mixtures of the
small molecular glass-formers, including picoline or quinal-
dine with tri-styrene [38, 39]. This property found for com-
ponent dynamics in several polymer blends and van der Waals
liquid mixtures is in accord with the general behavior of neat
materials, and can be explained by the CM for mixtures and
blends [40–44]. Due to concentration fluctuations, there is a
distribution of environments {i} of the A molecules in the mix-
ture A1−x Bx , which in turn engenders a distribution of cou-
pling parameters {nAi} and relaxation times {τAαi } of the A
molecules. The loss spectrum of A is made of the superposi-
tion of losses from the distribution. Like in neat glass-formers,
for each i , τAαi and n Ai are co-invariants to P and T combi-
nations. Hence the superposition of losses maintains the same
frequency dependence for the overall loss for different combi-
nations of P and T provided the most probable relaxation time
τ̂Aα of the distribution {τAαi } is kept constant as found experi-
mentally.

Recently, the same was found in the electric loss modulus
spectra of a room temperature ionic liquids [45]. This glass-
former is made of molecular cations and anions, which are
highly coupled together in both structural and conductivity
relaxations.

(ii) Classifying secondary relaxations by the pressure
dependence of relaxation time

The loss spectra of glass-formers all have the primary α-
relaxation, but the features at higher frequencies can vary
greatly. Some have one or more than one well resolved
secondary relaxation. Some have an ‘excess wing’ on the high
frequency flank of the α-loss peak with either an additional
or no other secondary relaxation. At ambient pressure,
all these features shift to lower frequencies with decreasing
temperature, and temperature alone cannot distinguish them
in their properties. However, this is made possible by the
application of pressure. Some secondary relaxations do not
shift to lower frequencies on increasing pressure, and can
be considered as local motion arising from intramolecular
degree of freedom and having no significance for the glass
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transition. On the other hand, the secondary relaxations that
shift with pressure are sensitive to change in specific volume
and entropy like the α-relaxation, and must be considered
in any fundamental explanation of glass transition. The
excess wing of some glass-formers can be transformed to a
shoulder or resolved peak by various means including physical
aging [46, 47], application of pressure [48], and by mixing
with another glass-former with a higher Tg [49–52]. The
transformations show that the excess wing is an unresolved
secondary relaxation. Invariably, the excess wing, if present,
shifts along with the α-relaxation to lower frequencies
on elevating pressure [28, 29]. Hence the unresolved
secondary relaxation associated with the excess wing is also
of fundamental importance. An important example can be
found in the very recent studies of monosaccharides [53] in
which the excess wing seen near and above Tg is transformed
to a resolved secondary relaxation loss peak, proving the
excess wing is the hidden secondary relaxation. Application of
pressure to the monosaccharides, fructose and ribose, shifts the
excess wing to lower frequencies in the former and transforms
the excess wing to a shoulder in the latter. Both changes
are additional evidence that the excess wings in the two
monosaccharides are unresolved secondary relaxations

Most interesting are totally rigid glass-formers, like
chlorobenzene, which all exhibit a single secondary relax-
ation [54–56]. Since they have no intramolecular degrees of
freedom, the secondary relaxation must involve the motion of
the entire rigid molecule. It is naturally the precursor of the
α-relaxation as evidenced by properties including the change
of relaxation strength when crossing Tg [52, 57] and the de-
pendence of relaxation time on applied pressure [32]. This is
an important discovery and to honor the two colleagues who
made it, secondary relaxations that have properties mimick-
ing the α-relaxation are summarily called the Johari–Goldstein
(JG) β-relaxations [32]. Since the excess wing discussed above
mimics the α-relaxation dependending on pressure and other
properties, it is a JG β-relaxation unresolved.

Some hydrogen bonded glass-formers like m-fluoroaniline
[58] at ambient pressure show only one prominent secondary
relaxation which originates from relaxation of the hydrogen
bonded clusters, and is not the JG β-relaxation. This latter
lies in between the secondary relaxation of the hydrogen
bonded clusters and the α-relaxation and is unresolved. At
elevated pressures and compensated by raising temperature
to maintain the same relaxation time, the hydrogen bonded
clusters are removed as revealed by neutron scattering [59], and
the non-JG secondary relaxation is suppressed. The change
of structure is accompanied by a change in dynamics shown
as broadening of the α-loss peak and the emergence of a new
secondary relaxation, which is the JG β-relaxation of the new
structure [58] because its relaxation time is in approximate
agreement with the primitive relaxation time of the CM [32].

(iii) Invariance of the ratio τJG/τα for different T and P when
τα is kept constant

An advance of the CM was made [28–32] in showing that a
correspondence between the primitive relaxation time τ0 and

the JG β-relaxation time τJG should exist at any temperature T
and pressure P , and is given by

τJG(T, P) ≈ τ0(T, P) = tn
c [τα(T, P)]1−n . (3)

The last equality in equation (3), obtained from
equation (2), enables τ0 to be calculated entirely from the
parameters, τα and n, of the Kohlrausch correlation function
for the α-relaxation for molecular and polymeric glass-formers
because for them tc is known to be about 2 ps. Remarkably,
the relation, τJG(T, P) ≈ τ0(T, P), between the experimental
τJG(T, P) and the calculated τ0(T, P) holds for many small
molecular and polymeric glass-formers [28–32, 38, 39].

The study of the α- and JG β-relaxations at ambient and
elevated pressures confers a bonus in achieving a complete
understanding of the origin of the co-invariance of τα and n
(or βKWW ≡ 1 − n) to changes in thermodynamic state of
the glass-former when subjected to different combinations of
T and P . The CM explanation from equation (2) discussed
in (i) can be fully consistent with the observed co-invariance
of τα and n only if the primitive relaxation time τ0 is
simultaneously invariant to different T and P . To test this,
we make use of the relation τ0 ≈ τJG and equation (3).
This relation has been shown to hold for many glass-formers
by data taken at ambient pressure, whereby τ0 calculated
from the experimental quantities τα and n of the α-relaxation
by this equation is indeed approximately the same as the
JG relaxation time τJG. Thus, a critical test of the CM’s
explanation of the co-invariance of τα and n, is the concomitant
invariance of τJG to different T and P . Glass-formers having
smaller n have smaller separation between log τα and log
τ0 (or log τJG) according to equation (2). As a result, the
JG relaxation is not resolved and appears as an excess wing
on the high frequency flank of the α-loss peak. Dielectric
relaxation experiments carried out at elevated pressures up
to 2 GPa and high temperatures to compare with data taken
at ambient pressure of 0.1 MPa have shown that the shape
of the entire dispersion, including the α-loss peak and the
excess wing, remains unchanged at constant τα [28, 29, 59].
Of course, the intensities or strengths of the two processes
may have different T - and P-dependences and are responsible
for slight deviations from perfect superposition of the data at
high frequencies. These experimental data already provide
experimental support of the co-invariance of τα , n, and τJG,
or equivalently the co-invariance of τα , n, and τ0 as predicted
by the CM. Nevertheless, it would be more complete and
convincing if one could observe the co-invariance of τα, n,
and τJG in glass-formers that have a resolved JG secondary
relaxation. Such new data in which the JG relaxation has
been resolved in the liquid state and below Tg were reported
by Capaccioli and co-workers [51] in the neat glass-former
benzoin-butyl-ether (BIBE) and picoline and quinaldine in
mixtures with tri-styrene [38, 39, 60], and by Prevosto et al
and Capaccioli et al [61] in polyphenylglycidylether (PPGE),
diglycidyl ether of bisphenol-A (DGEBA), and dipropylene
glycol dibenzoate (DPGDB). Co-invariance of τα , n, and τJG

for different T and P were found in all these neat glass-formers
and the component picoline or quinaldine in mixtures with
tristyrene [38, 39]. This is a remarkable experimental fact that
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challenges explanation by any theory, but is fully consistent
with the CM. In addition, the calculated τ0 is in agreement with
the observed τJG within experimental uncertainty in all cases.
The above-mentioned new results, again made possible by
applying pressure, verify the CM explanation (equations (2))
of the invariance of the α-dispersion at constant τα for different
T and P . An implication of the results is that the volume
and entropy dependences of τα are ultimately originating from
those of τ0 or τJG, which has been used as the basis for
constructing a theory of glass transition [31].

Consider the special case when τα is a sufficiently long
time say 103 s which can be reached at the glass transition
temperature Tg at any constant P . Although Tg is a function
of P , it follows from the general property discussed in this
subsection that τJG(Tg) is the same for all P . By now it
is well known that the JG relaxation time τJG as well as its
dielectric relaxation strength �εJG changes their temperature
dependences when crossing Tg(P). The α-relaxation time τα

usually has the Vogel–Fulcher T -dependence for T > Tg(P),
and the Arrhenius T -dependence when T is sufficiently below
Tg(P). The property of changing T -dependence when crossing
Tg(P) of τα is mimicked by τJG for neat glass-formers [32]
as well as a component in binary mixtures [38, 39, 60]. This
property is an immediate consequence of equation (3) from
which one can see that the crossover of T -dependence of
τα from Vogel–Fulcher dependence above Tg to Arrhenius
dependence below Tg is transferred from τα to τJG (or vice
versa) in a qualitative manner. This crossover property of τJG

and the value of τJG at Tg(P) are preserved on varying P .

(iv) Indication of ‘fragility’ is not a basic concept or
parameter

In most if not all studies of glass transition, the time/frequency
dependence of the structural α-relaxation (or n) is not
considered as a basic quantity that governs the dynamics
and bears a relation to the relaxation time τα. Instead,
‘fragility’ [62] as quantified by the steepness index [63]

m = d log τα/d log(Tref/T )|T =Tref
(4)

has occupied the attention of many researchers. Here Tref

is the temperature at which τα attained an arbitrarily chosen
long time. The emphasis on m is evident from the numerous
attempts to correlate m with other observed dynamics,
thermodynamic, vibrational, and mechanical properties [64].
The first attempt is the correlation of m with the jump in heat
capacity, which has been recently withdrawn [65] in favor
of correlation of m with thermodynamic fragility [66]. The
thermodynamic fragility of glycerol (m = 53) was shown to
be smaller than that of cis-decalin (m = 147), confirming
the correlation. However, the thermodynamic fragility of
Ca(NO3)2–4H2O is still larger than that of cis-decalin, the
m value of the former was not given. The correlation would
still break down unless m of Ca(NO3)2–4H2O is larger than
147 of cis-decalin. Breakdown of the correlation when
considering other glass-formers was demonstrated before [67],
and difficulty in obtaining the exact excess entropy for
calculating thermodynamic fragility was pointed out [68].

All other correlations of m with other quantities suffer from
breakdown. A recent example is that between the Poisson
ratio and m, as shown by Yannopoulos and Johari [69].
Here we present results from the application of pressure to
elucidate that ‘fragility’ and its index m or other indices are
dependent on several factors including, volume, entropy and
effects from the many-body nature of the α-relaxation. All
these factors influence the temperature dependence of τα and
hence ‘fragility’ or m. It is likely that the influence of any of
these factors on τα and m varies a great deal when considering
glass-formers with widely different chemical structures and
interaction potentials. Consequently, correlation of m with any
other quantity can easily breakdown.

In conventional measurements of relaxation under ambient
pressure, the only experimental variable is temperature, and
hence thermal energy and volume effects are convoluted.
With the addition of pressure to temperature as variables and
PVT measurements, one can obtain τα of the same glass-
former at constant T and varying V or density as well as a
function of T at constant pressure [70], and thus the isobaric
fragility index m P at constant P , and the isochoric fragility
index mV at constant volume V from equation (4). The
experimental data of many glass-formers show that neither
T nor density uniquely determine τα since the empirical
linear relation, m P = 37 + 0.84mV , is also found, with
generally mV less than m P . This result may be expected
since for mV only temperature changes τα , while for m P

both volume and temperature contribute to change of τα .
The values of m P usually decrease with increasing P and
densification. The only exceptions to this appear to be the
hydrogen bonded materials due to a change in the chemical
structures of the materials by the increase in temperature
accompanying elevated pressure. The widely different values
of mV and m P obtainable for one and the same glass-former are
sufficient evidence to show that ‘fragility’ is not as fundamental
as the time/frequency dispersion (or n) of the α-relaxation.
From the values of mV obtained for molecular liquids and
polymers [64, 70] one can observe that there is no correlation
between mV and the nonexponentiality parameter n even when
restricted to the same chemical class of glass-formers. On
the other hand, on combining (i) and (iii), the result is co-
invariance of τα , n, and τ0 or τJG, independent of whether the
data are obtained isobarically at any constant pressure P or
isochorically at any constant volume V [70]. Merely the fact
that, at constant τα , the time/frequency dependence (or n) of
the α-relaxation remains unchanged when the glass-former is
subjected to different thermodynamic conditions is remarkable.
This property indicates that the time/frequency dependence of
the α-relaxation (or n) is a more basic quantity than ‘fragility’.

The application of pressure also has led to the result that
τα is a function of T V γ , where γ is positive and varies over
a wide range from zero to about 9 depending on the glass-
former [70]. The size of γ indicates the relative contribution of
T and density to τα . Small or zero γ means thermally activated
relaxation and large γ for density dominated dynamics. By
examining the values of γ in table 2 and m P or mV in table 3
in [70] of many glass-formers, it is clear that there is no
correlation between γ and m P or mV , even when restricted
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to the same class of glass-formers. However, by excluding
hydrogen bonded glass-formers, a correlation between γ and
1/mV was found [71]. This correlation is understandable
simply from the fact that large γ implies a strong dependence
of τα on volume or density. Thus, a larger γ means a
smaller mV because the latter is determined from the T -
dependence of τα by keeping V constant. The parameter
γ has been linked to the short range repulsive part of the
intermolecular potential [70, 71]. A steeper repulsive potential
and deeper potential well naturally make τα more sensitive
to density than temperature, and thus larger γ and smaller
mV as well as smaller m P (or lower fragility). The last
follows from the empirical linear relation between mV and
m P . Actually these conclusions from [71] can be deduced
from molecular dynamic simulations of binary Lennard-Jones
liquids with three different potentials (see figure 1 in [71])
performed under constant volume [72]. The dynamics obtained
from potentials with steeper repulsive potential and narrower
potential well has smaller mV and larger stretch exponent (1 −
n) in the Kohlrausch function (equation (1)). The last result,
not considered in [71], is particularly interesting because it
means that smaller mV or larger γ is linked to smaller n or
a lesser degree of many-body relaxation dynamics as expected
from the coupling model for the closely related Lennard-Jones
systems. This link between 1/mV or γ with (1 − n) probably
will not work when real glass-formers of different chemical
structures are considered, because ‘fragility’ depends not only
on temperature and density but also on the effect of many-body
relaxation. This can be deduced from figure 3 of [72] where the
order of increasing mV or γ for 26 glass-formers is given. On
comparing them with their corresponding known values of n,
one can find no correlation between 1/mV or γ with (1 − n).

(v) Dependences of the global and segmental dynamics in
polymers on T V γ : same γ but different functional forms

It is by now well known that the temperature dependence
of the local segmental motion is stronger than the global
chain motions [73–78]. This breakdown of thermorheological
simplicity in polymers is at odds with most rheological
models [79, 80], where global motions are governed by the
same local friction coefficient associated with local segmental
motion. Observed by dielectric relaxation, the dielectric loss
peaks from global chain motions are commonly referred to
as the normal modes. Recent dielectric studies at elevated
pressure show that both the pressure and volume dependences
of the normal mode of polypropylene glycol, 1,4-polyisoprene
and poly(oxybutylene) are also weaker than those for the
segmental mode [80–83]. Both the local segmental α-
relaxation time τα and the normal mode relaxation time τn

were shown to yield master curves when plotted versus the
parameter T V γ . Remarkably, the value of the exponent
γ yielding superposition is the same for the two relaxation
modes. However, notwithstanding the same γ , the dependence
of τα on T V γ is stronger than that of τn . Such behavior is
inconsistent with most models of polymer rheology, including
the Rouse and tube models. However, the results had been
quantitatively accounted for by the CM for the different T V γ -
dependences [84] following the same line as the previously

given explanation for the different T -dependence [85]. The
framework of the solution of the problem supports the proposal
that the temperature and volume dependences of molecular
mobility, which trigger the glass transition, do not originate
from the primary α-relaxation. Instead, they have their origin
in the primitive relaxation of the coupling model [84].

(vi) Pressure dependence of fast relaxation from neutron and
light scattering

Study of 1,4-polybutadiene by neutron scattering was able
to find different (T, P) combinations such that the static
structure factor S(Q) is the same while the density constant
remains constant [20]. However, the α-relaxation and the
fast relaxation (showing up as a susceptibility minimum) were
observed to change. This result has an impact on the mode
coupling theory (MCT) of glass transition [86]. In MCT, both
temperature and pressure control the dynamics through the
static structure factor. Hence, for the same static structure
factor, the same fast relaxation and α-relaxation should be
observed. This basic prediction of the MCT is contradicted
by the experimental findings that both the fast relaxation and
α-relaxation changes [20]. The contradiction suggests the
fast relaxation observed in polybutadiene may not be the kind
predicted by the MCT. This is not the only problem that
MCT had encountered with neutron scattering data of 1,4-
polybutadiene. Deviations from the MCT relation between the
critical exponents a and b were found before [87].

Measurements of the high frequency depolarized light
scattering susceptibility of ortho-terphenyl (OTP) were made
by Patkowski et al over broad temperature and pressure
ranges [88]. They found that the time–temperature–pressure
superposition does not work for OTP in the frequency range of
the susceptibility minimum, and both the a and b exponents
of the MCT [86] are temperature and pressure dependent.
Universal scaling of the entire susceptibility including both the
α-peak and the MCT susceptibility minimum is not possible,
in contradiction to the analysis of incoherent neutron scattering
data of OTP and the conclusion that the pressure dependences
are fully compatible with MCT [89].

Let us further examine the neutron scattering data of
1,4-polybutadiene obtained by Frick et al [20] at different
(T, P) combinations while keeping the static structure factor
S(Q) and the density the same. They found for two (T, P)
combinations, the one with a higher T has shorter α-relaxation
time τα and higher intensity of the fast relaxation. The fast
relaxation shows up like a susceptibility minimum, but the
minimum is so flat (particularly for the (T, P) combination
having a higher temperature), that it resembles the high
frequency (>1 GHz) light scattering susceptibility data of PIB
at 260 K [90]. As temperature was lowered down to Tg,
the PIB data become increasingly flatter to the point that no
minimum can be discerned. The fast relaxation observed is
better described as the nearly constant loss (NCL). This NCL
description of the fast relaxation is consistent with the data
obtained by the optical Kerr effect (OKE) on benzophenone
(BZP) and other glass-formers [91]. Interpreting the fast
relaxation of 1,4-polybutadiene observed by neutron scattering
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as NCL, an explanation was proposed [92] that showed via the
CM that a shorter τα engenders shorter primitive relaxation
time τ0 and hence larger NCL. The (T, P) combination that
has a shorter α-relaxation time has a higher NCL intensity and
hence a shallower susceptibility minimum. This prediction is
in accord with the findings of Frick et al [20].

The asymptotic power laws of basic MCT [86] could not
describe the NCL observed by light scattering data in PIB
and by OKE in benzophenone (BZP) even at T higher than
the MCT critical temperature Tc. However, by accounting for
rotation–translational coupling in a schematic model, Götze
and Sperl demonstrated that these data indeed are consistent
with this version of MCT [93, 94]. They further showed
that the fast relaxation of this schematic MCT can lead to
a loss peak that is approximately described by the Cole–
Cole frequency dependence, resembling that of secondary
relaxation. However, Pardo et al [95] showed that this new
spectral feature predicted by the new version of MCT is
unrelated to the secondary relaxation of BZP observed by
dielectric relaxation. Therefore, it is not clear whether the loss
peak of this version of MCT corresponds to reality or not.

3. Crossover of T or P -dependence of τα or η at the
same τα or η independent of T , P , and V at the
crossover

This is actually the last example we give in this paper on the
impact of application of pressure on glass transition. It is also
the subject of detailed treatment and discussion in this paper
because a theoretical explanation has not been provided before.

3.1. Experimental facts

Marked changes of the temperature dependence of τα

and viscosity η were found at temperatures above Tg in
many glass-formers. This general phenomenon was first
observed by Plazek and Magill [96, 97] in η of 1,3-bis(1-
naphthyl)-5-(2-naphthyl)benzene (TNB). High above Tg, the
viscosity of TNB is Arrhenius. On cooling TNB, the
Arrhenius temperature dependence changes to Vogel–Fulcher–
Tammann–Hesse (VFTH) at some temperature TA, but this
VFTH dependence does not persist all the way down to Tg.
At some temperature TB in between TA and Tg, there is a
marked change to another VFTH temperature dependence.
The observation of this interesting phenomenon in many other
glass-formers was made easy by using the model-independent
derivative function, φT ≡ [d log x/d(1/T )]−1/2, introduced by
Stickel et al [98, 99], where x is either τα or η. Any VFTH
temperature dependence of τ or η, A exp[D/(T − T0)], has
a corresponding φT = (D/2.303)−1/2[1 − (T0/T )]. Hence,
the crossover at fixed pressure, Pfix, can be easily seen in a
plot of φT against reciprocal temperature. The temperature,
TB , at which the crossover occurs and the corresponding
crossover α-relaxation time or viscosity, τα(TB) or η (TB),
were determined. Isobaric data with pressure Pfix the same as
ambient pressure Pamb are more common [98–104]. Data with
Pfix at elevated levels also show the crossover [105, 106], but
TB depends on Pfix and increases significantly with Pfix. Thus,

it is more exact to rewrite τα(TB) as τα(TB(Pfix)). In spite of
the large variations of TB and Pfix, τα(TB(Pfix)) was found to
be the same for all Pfix.

The dynamic crossover is also evident in measurements
taken as a function of pressure at fixed temperature,
Tfix [107–109]. The pressure dependence of τα and η can be
well described [9, 110] by the VFTH-like pressure dependence,
x(P) = x0 exp[DP P/(P0 − P)]. In this case, the derivative
function is φP = [d log(x)/dP]−1/2, which transforms the
VFTH-like pressure dependence of x(P) to φP = a−bP . The
crossover from one VFTH-like pressure dependence to another
at PB can be clearly seen in a plot of φP against P , and the α-
relaxation time at the crossover, τα(PB) or η (PB ), determined.
The crossover occurs for different choices of Tfix. PB depends
on Tfix, increasing significantly with Tfix. Thus, we may write
τα(PB) or η (PB ) as τα(PB(Tfix)) or η (PB(Tfix)).

The remarkable finding by experiments on several
different glass-formers is that τα(PB (Tfix)) or η (PB (Tfix)) does
not depend on PB and Tfix. Moreover, the constant value
τα(PB(Tfix)) or η (PB(Tfix)) obtained from crossover at PB

at fixed Tfix is the same as τα(TB(Pfix)) or η (TB(Pfix)) from
crossover at TB at fixed pressure Pfix. The crossover is seen
under widely different thermodynamic conditions (pressure,
temperature, and volume), but τα and η at the crossovers is
a constant for a given glass-former.

The crossover from one VFTH dependence to another
was also found generally under constant volume (isochoric)
conditions for phenylphthalein-dimethylether (PDE), 62%
chlorinated biphenyl (PCB62), cresolphthalein-dimethylether
(KDE), propylene carbonate (PC), 1, 1′-di(4-methoxy-5-
methylphenyl)-cyclohexane (BMMPC), and salol. The
isochoric curve, [d log τα/d(1/T )]−1/2 was calculated at some
constant specific volume Vfix [70, 105]. From the crossover,
the crossover temperatures TB(Vfix) and relaxation times
τα(TB(Vfix)) at constant V were obtained. Remarkably,
τα(TB(Vfix)) under isochoric conditions is the same as
τα(TB(Pfix)) under isobaric conditions for all five glass-
formers studied.

Although τα(TB(Pfix)) ≈ τα(PB(Tfix)) ≈ τα(TB(Vfix))

holds for many glass-formers, their common value differs
greatly when all the glass-formers studied are considered. The
values are not confined within the narrow range of 10−6.5–
10−7.5 s, as surmised by Novikov and Sokolov [104]. For
example, PDE has the longest relaxation times with τα(TB) =
10−3.6 s; PCB62 has τα(TB) = 10−5.9 s; BMMPC has
τα(TB) = 10−6.1 s; KDE and salol has τα(TB) = 10−6.3 s;
and PC has τα(TB) = 10−7.0 s [98, 99, 108]. The epoxy,
diglycidyl ether of bisphenol-A (DGEBA), has TB = 275 K
and τα(TB) = 10−4.3 s [111]. From these results alone, it
is sufficient to conclude that τα(TB) varies over a wide range
(nearly four orders of magnitude from 10−3.6 to 10−7.5 s) when
the above-mentioned glass-formers are considered. Hence,
the results invalidate the claim by Novikov and Sokolov that
τα(TB) has the ‘magic’ values lying within the narrow range of
10−7.0±0.5 s [104]. Connection of the crossover temperature TB

to the critical temperature Tc of mode coupling theory was also
made by them. This proposal is questionable because of the
fact that PDE has τα(TB) = 10−3.6 s. It is inconceivable that
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such a long or macroscopic relaxation time can be consistent
with the much shorter relaxation time at Tc of mode coupling
theory.

3.2. Coupling model explanation

As reviewed by Roland et al [70], various theoretical models
either anticipate or interpret this dynamic crossover seen in
many glass-formers at TB , but the explanations offered are
widely different. Most of the explanations either cannot
or have not explained the general and remarkable property
of the crossover, namely τα(TB(Pfix)) ≈ τα(PB(Tfix)) ≈
τα(TB(Vfix)), not to say the other properties (i) and (iii) in
section 2. We now show that this property is a natural
consequence of the CM description of glass transition. First,
we give an explanation for the origin of the dynamic crossover.
Next, we show that at the dynamic crossover, τα is independent
of the thermodynamic conditions of the glass-former.

In his thesis on dielectric relaxation of glass-formers at
ambient pressure Pamb, Stickel [98] plotted the full-width
at half maximum of the dielectric loss peak normalized to
that of an ideal Debye loss peak, w(T ), as a function
of temperature. From these results, the corresponding
Kohlrausch nonexponentiality parameters n(T, Pamb) were
readily calculated by the relation of Dixon [112], [1 −
n(T, Pamb)] ≡ βKWW(T, Pamb) = 1 − 1.047[1 −
w(T, Pamb)

−1], for the glass-formers Stickel studied. For other
glass-formers not reported in Stickel’s thesis, n(T, Pamb) were
obtained by fitting the dielectric loss spectra by the one-sided
Fourier transform of the Kohlrausch function. Examples of
the temperature dependences of n(T, Pamb) so obtained can be
found in [47, 113–115], which exhibit the following general
property. For molecular glass-formers, when T > TB(Pamb),
the values of n(T, Pamb) are smaller and slowly varying with
decreasing temperature. But, when past T ∼ TB(Pamb),
more rapid increase of n(T, Pamb) towards significantly larger
value at Tg(Pamb) is evident in the regime of T < TB(Pamb).
In addition, the absolute value of dn(T, Pamb)/dT suffers a
change when crossing a temperature near TB . The increase
of n(T, Pamb) from TB(Pamb) down to Tg(Pamb), measured by
[n(Tg, Pamb) − n(TB , Pamb)], was found to correlate with the
extent of the difference between the high and low temperature
VFTH functions when both are evaluated at Tg(Pamb). This can
be seen in figure 2 in [116] in comparing OTP (n(Tg, Pamb) ≈
0.5, Tg(Pamb) = 244 K, TB(Pamb) = 290 K ) with propylene
glycol (n(Tg, Pamb) ≈ 0.25, Tg(Pamb) = 167 K, TB(Pamb) =
280 K). OTP having larger [n(Tg, Pamb)−n(TB , Pamb)] exhibits
a larger difference between the two VFTH at Tg(Pamb) than
propylene glycol.

The change of the temperature dependence of the
dynamics causing the crossover of the T -dependence of τα

at TB is expected to have an effect on the relaxation strength.
This is because both the relaxation strength and the relaxation
time τα are characteristics of the dynamics, and this has led
Schönhals [117] to look for correlated changes of behavior of
τα and the dielectric relaxation strength �ε at TB by broadband
dielectric measurements. The correlated changes indeed exist
when �ε is plotted against log fp for dibutyl phthalate, salol,

propylene carbonate, propylene glycol, dipropylene glycol,
and poly(propylene glycol) [117, 118]. Here fp is the
dielectric α-loss peak frequency and is approximately equal
to 1/(2πτα). These plots indicate two different frequency
regions of dynamics separated by fB . The two relations when
extrapolated intersect at a crossover frequency fB . It turns
out that for all the glass-formers fB is nearly the same as
1/[2πτα(TB)]. Similar results were found also for the polymer,
poly(vinyl acetate) [115, 119]. Therefore, the change of the
dependence of �ε on log fp also occurs at the temperature
TB . This phenomenon can also be explained by the more rapid
increase of n with decreasing temperature (frequency) after
crossing TB ( fB ), because n reflects the extent or length-scale
of the many-body relaxation and in turn the magnitude of �ε.
The temperature dependence of �ε is roughly proportional to
1/T at temperatures much higher than TB , consistent with the
Kirkwood–Fröhlich theory based on the assumption of non-
interacting isolated dipoles as well as the smaller coupling
parameter. However, this dependence does not continue when
temperature is lowered to approach TB and below TB . Thus, the
observed change of T -dependence of �ε is another indication
of the increase of coupling and cooperativity (or n) of the α-
relaxation with falling temperature after crossing TB .

In the framework of the CM, n(T, Pamb) is a measure of
the strength of the intermolecular coupling or cooperativity.
Thus the behavior of n(T, Pamb) can be reinterpreted as
a change from a slow increase of intermolecular coupling
from small starting value with decreasing temperature above
TB(Pamb) to a more rapid increase to larger values after
crossing TB(Pamb). This opened up the possibility of
explaining the crossover of the temperature dependence of
τα(T, Pamb) at TB(Pamb) by the CM because in this model the
τα(T, Pamb) and its T -dependence are controlled by n(T, Pamb)

via equation (2). If this change in dynamics is a consequence
of the more rapid development of stronger intermolecular
coupling after crossing TB from above, then removal of the
effects of intermolecular coupling should likewise remove the
crossover. The primitive relaxation is devoid of intermolecular
coupling. Hence its relaxation time, τ0(T, Pamb), should not
show any change in temperature dependence across TB(Pamb).
This prediction was assessed by using equation (3) to calculate
τ0(T, Pamb) from the experimentally determined values of
τα(T, Pamb) and n(T, Pamb). The temperature dependence of
τ0(T, Pamb) is expected to vary smoothly across TB(Pamb),
in accord with a single VFTH dependence due only to
changes of configurational entropy and/or specific volume with
temperature [120]. This procedure was carried out for PDE,
salol, PC, OTP, and 54% chlorinated biphenyl (PCB54) using
their ambient pressure dielectric data. While the derivative
function φT ≡ [d log τα/d(1/T )]−1/2 exhibits a break at
TB(Pamb) indicating the change in dynamics of τα(T, Pamb), it
is absent in the plot of the corresponding φT for τ0(T, Pamb). A
single VFT equation describes well τ0(T, Pamb) over the entire
temperature range [120].

The next task is to explain why the same crossover is
observed not only as a function of temperature at ambient
pressure Pamb but also at any fixed elevated pressures Pfix

or at any constant volume Vfix, and also as a function
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of pressure at any fixed temperatures Tfix. Moreover, the
same crossover time for all conditions, i.e. τα(TB(Pfix)) ≈
τα(PB(Tfix)) ≈ τα(TB(Vfix)), also has to be explained. These
general properties either have not been explained or are not
explainable by conventional theories and models. In the
framework of the CM, the explanation goes as follows. First,
let us recall the co-invariance of τα(P, V , T ) and n(P, V , T )

to all thermodynamic conditions discussed in (i) and (iii) of
section 2, a property consistent with the CM predictions.
It follows from the co-invariance, irrespective of the choice
of the elevated pressure, Pfix, if τα(T ′, Pfix) is the same as
τα(T, Pamb) then necessarily we have n(T ′, Pfix) the same as
n(T, Pamb), and the following as special cases. First, for some
T ′

B(Pfix) such that τα(T ′
B, Pfix) = τα(TB , Pamb), also n(T ′

B , Pfix)

is equal to n(TB, Pamb). Second, exactly as in the case of
ambient pressure, n(T ′, Pfix) is small if T ′ > T ′

B (Pfix), but as
T ′ falls below T ′

B (Pfix), it increases towards the significantly
larger value of n(T ′

g, Pfix) at T ′
g (Pfix). Hence, the explanation

of the crossover of τα(T, Pamb) at TB , as a consequence of the
development of stronger coupling or cooperativity when T falls
below TB(Pamb) applies to the crossover of τα(T ′, Pfix) at T ′

B .
Similar reasoning as given above leads to the same conclusion
for the crossover of τα(P, Tfix) at PB and the crossover of
τα(T ′′, Vfix) at T ′′

B . The calculated primitive relaxation times
τ0(P, Tfix) by equation(3) from τα(P, Tfix) and n(P, Tfix) no
longer exhibit a crossover. The same conclusion is obtained
when a similar argument is applied to τ0(T ′′, Vfix) calculated
from τα(T ′′, Vfix) and n(T ′′, Vfix).

3.3. Other related dynamic properties

The dynamic crossover of the temperature dependence of
τα is manifested in other properties at temperatures near
TB . Decoupling of translational and rotational motions
(i.e. breakdown of Stokes–Einstein and Debye–Stokes–
Einstein relations) occurs below a temperature which is near
TB [121–125]. A popular explanation offered is based
upon the spatially heterogeneous dynamics in supercooled
liquids [124, 126]. It assumes that regions of differing
dynamics give rise to the Kohlrausch relaxation function in
ensemble averaging measurements. The decoupling between
self-diffusion and rotation was argued to occur because D
and the rotational correlation time τc are averages over
different moments of the distribution of relaxation times, with
D ∝ 〈1/τ 〉 emphasizing fast dynamics, while τc ∝ 〈τ 〉
is determined predominantly by the slowest molecules. In
order for this explanation to be consistent with the observed
monotonic increases of the products Dη and Dτc as the
temperature is lowered toward Tg, the breadth of the rotational
α-relaxation time distribution (or the nonexponentiality
parameter nα) has to increase correspondingly. However,
Richert and co-workers [127–129] reported that the dielectric
spectra of trisnaphthylbenzene (TNB), ortho-terphenyl and
sucrose benzoate are all characterized by a temperature
independent width from TB down to Tg, as well as
photon correlation spectroscopic and NMR measurements
for TNB [130]. Thus, the explanation based on spatial
heterogeneities is contradicted by the data of TNB, ortho-
terphenyl and sucrose benzoate. It is also contradicted by

the results of molecular dynamics simulation of an equimolar
mixture of Gay–Berne ellipsoids of revolution and Lennard-
Jones spheres along an isochore at a series of temperatures
down to the deeply supercooled state [131, 132]. There
is an alternative explanation of the breakdown of Stokes–
Einstein and the Debye–Stokes–Einstein relations by the CM
based on nα being larger than the translational coupling
parameter nt [132, 133], which holds irrespective of the
temperature dependence of n below TB as long as there is
the onset of stronger intermolecular coupling below TB which
invariably holds [132, 133]. This CM explanation works
in other cases [134, 135] where the spatial heterogeneous
explanation fails. An analog of breakdown of the Debye–
Stokes–Einstein (DSE) relation is found in many glass-formers
when comparing translational diffusion of impurity ions from
dc conductivity σdc and rotational relaxation time τα of the host
molecules measured by dielectric spectroscopy [70]. Instead of
σdcτα = constant, independent of T and P , the fractional DSE
relation

σdc(τα)
s = constant (5)

is found with s < 1. Usually, the fractional exponent s
is the same for variations of T (isobaric measurements) as
for variations of P (isothermal measurements), although there
are a few exceptions [70]. There is enhancement of the
translational motions over the rotations, and the degree of
decoupling (or s) is the same for the T - and P-dependences.
This property is consistent with the CM explanation of the
decoupling based on the difference of the coupling parameters
for rotation nα and translation. This is because the CM has
already explained the property discussed in section 2 (i) that
nα is the same for the same τα , and similarly nt is the same
for the same σdc. The CM prediction of the same fractional
exponent s for variations of T (isobaric measurements) as for
variations of P (isothermal measurements) then follows from
the same property for the two coupling parameters nα and nt .

The Johari–Goldstein β-relaxation appears to start
splitting off from the structural α-relaxation when temperature
falls below a temperature Tβ , which is also near TB .
Equation (3) of the CM, when rewritten as

log(τα(T )) − log(τJG(T )) = n(T )[11.7 + log(τα(T ))], (6)

indicates that the separation between τα and τJG in the
logarithmic scale is proportional to n at constant τα . Hence,
one requirement of the onset of splitting of the JG β-relaxation
from the α-relaxation at Tβ is a sufficiently large value of n
below Tβ . The separation, log(τα) − log(τJG), has a small
value at Tβ ≈ TB and increases monotonically with decreasing
temperature. This is consistent with equation (6) because of
the factor n(T )[11.7+ log(τα(T ))] on its right-hand side. This
factor increases with log(τα(T )) on decreasing temperature,
independently of whether n(T ) increases or remains constant
below Tβ ≈ TB .

Another characteristic of TB is that it marks the
temperature at which the linear relation between log τα

and the reciprocal of the product T Sc of temperature and
configurational entropy Sc predicted by the Adam–Gibbs
model [136] breaks down. Found in many different glass-
formers, τα has different dependences on T Sc above and below
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TB [137, 138]. The Adam–Gibbs model makes no explicit
consideration of the many-body interactions, at least that part
giving rise to the dynamic heterogeneity and nonexponentiality
inherent to the supercooled state of glass-formers. As we
have seen in the discussion of other properties, the change
in dynamics on crossing TB is due to changes in the many-
body relaxation dynamics. However, the Adam–Gibbs model
is based solely on thermodynamic considerations. Therefore,
the Adam–Gibbs model cannot account for the change in
dynamics on crossing TB , and the predicted linear relation
between log τα and (T Sc)

−1 does not hold both below and
above TB . On the other hand, the logarithm of the calculated
primitive relaxation time, log τ0, was found to be a linear
function of (T Sc)

−1 [115, 138]. This suggests that τ0 as well
as τJG is already dependent on entropy, which is an important
point in the construction of a fundamental theory of glass
transition [31].

4. Conclusions

The results from the recent flourish of studies on the dynamics
of glass-formers under elevated pressures have had a great
impact on the glass transition research frontier. Striking and
yet general and fundamental properties have been found. Some
examples of these properties are summarized and discussed
in this paper. They must be taken into consideration in
any serious attempts to solve the long-standing problem
of glass transition. The implication of these properties is
that intermolecular coupling and many-molecule relaxation
dynamics are important factors that control the dynamic
properties, in addition to volume, entropy, pressure, and
temperature. This conclusion is evident from the prominent
role played by the width of the dispersion of the α-relaxation
or equivalently the Kohlrausch nonexponentiality parameter n,
which is a measure of the degree of intermolecular coupling.
Any theoretical model must include both thermodynamics
and many-body dynamics in order to accurately describe
the general properties of the glass transition including those
discovered by applying pressure. At the present time, among
the different theories and models, only the coupling model has
predictions that are consistent with these experimental facts.
This is because the coupling model takes into account the effect
of intermolecular coupling and the important relation of the
Johari–Goldstein (JG) β-relaxation (or the primitive relaxation
of the model) to the structural α-relaxation. However,
the coupling model is not a complete theory of glass
transition. A complete theory would have to provide a first-
principles account of the JG β-relaxation together with a
rigorous treatment of intermolecular coupling, leading to the
heterogeneous many-molecule dynamics of the α-relaxation,
together with the effects of volume, entropy, pressure, and
temperature. Construction of such a complete satisfactory
theory is understandably difficult and it may not be available
in the near future.
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