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The 2003 seminal paper entitled “Is the Fragility of a Liquid Embedded in the Properties of Its Glass?” by Tullio
Scopigno, Giancarlo Ruocco, Francesco Sette, and Giulio Monaco, reported that the properties of the structural
a-relaxation of glass-formers are already present in the faster caged dynamics. Their important discovery has
far-reaching implication of the processes faster than the structural a-relaxation that cannot be ignored in solv-
ing the glass transition problem. Since then, experiments and simulations performed on many glass-formers
with diverse chemical and physical structures have found strong connections of the a-relaxation with not only
the caged dynamics but also with the secondary relaxation of the special kind, called the JGX S-relaxation. The
general results indicate that these fast processes are inseparable from the @-relaxation, and any attempt to
solve the glass transition problem should take account of this fact. Examples of the connections are given in this
paper to elucidate the developments and advances made since the inspiring publication of Scopigno et al.
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1. Introduction

Published in 2003, the paper “Is the Fragility of a Liquid Embedded in the Properties of Its Glass?”
by Tullio Scopigno, Giancarlo Ruocco, Francesco Sette, and Giulio Monaco [[1] is a landmark publication
with impact on past and current research in dynamics and thermodynamics of glass-forming materials. In
this innovative research they used inelastic x-ray scattering (IXS) measurements of the dynamic structure
factor to access the high frequency (terahertz) dynamical properties of glasses of different kinds. The
IXS measurements enabled the determination of the nonergodicity factor f(Q, T), with a reliability not
achievable by light or neutron scattering [2]. They found that the IXS data of f(Q,T) in the low Q limit
at temperatures below the glass transition temperature 7, of many glass-formers can be well described
by the functional form,

F(Q—0,T)=[1+a(T/TH]™", (1)

where « is a material dependent parameter. From the collection of data plotted as 1/f(Q*,T) vs. T /T,
with for Q* = 2 nm™!, they found the existence of a strong correlation between a and m, the fragility
index [3]]. Thus, they found that the vibrational properties of the glass well below T, correlate with the
fragility index, which is a property of the cooperative a-relaxation of the viscous liquid at and above 7.

These seminal research results from Scopigno, Ruocco, Sette, and Monaco (SRSM) imply that faster
processes that transpire before the many-molecules cooperative a-relaxation cannot be ignored if the
goal is a complete and fundamental account of the glass transition problem. In this paper, we consider
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other experimental findings and molecular dynamic simulations that are consistent with the work by
SRSM. More importantly, we present the other connections of the short time vibrational and secondary
relaxation to the terminal a-relaxation developed over two decades, which magnify the impact.

2. Supporting IXS data of SRSM by neutron scattering data and simula-
tions

The nonergodicity factor f(Q,T) is the long time limit of the density-density correlation function
F(Q, t), normalized to the static structure factor S(Q) [1} 4]. In neutron scattering at wavevector Q [5],
the non-ergodicity parameter or the effective Debye-Waller factor is observed from the 7-dependence of
the mean-square-displacement (MSD), (u*(T)), by the expression

(O, T) = exp[—(u*(T))0?/3]. 2)

Hence, we can see that the correlation between a and m is closely related to another correlation of
either m or n with (u*(T'/T,)) found by comparing data of many glass-formers from quasielastic neutron
scattering measurements at temperatures below 7, [6]. Here, n is the complement of the fractional
exponent (1 — n) = Bk in the Kohlrausch correlation function of the structural a-relaxation

(1) = exp[—(t/7a)'™"]. ?3)

That is, the glass former with larger m or n has a larger (u*(T)) at the same value of T'/ T, and rises
more rapidly as a function of T/T,, below T, as well as near and across 7, in the liquid states [6].
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Figure 1. (Colour online) The mean squared displacement (u*(T)) as a function of T/Tg of several
amorphous polymers, PC, PMMA, 1,4-PB, and Se obtained from incoherent neutron scattering by
the IN6 spectrometer of the Institut Laue-Langevin together with the data of PCP, PS, aPP, and PIB
obtained by Kanaya and co-worker with spectrometers having about the same energy resolution as IN6
(0.22 meV) [6]. The sources of the experimental data can be found in reference [6]]. The inset is a plot of
(W (Tg)) vs. n.
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An example of the correlation is shown in figure [1| for polymers, PIB (0.45), cis 1,4-PB (0.48), Se
(0.50), trans-1,4-polychloroprene (PCP) (0.55), atatic polypropylene (aPP) (0.63), PMMA (0.63), PS
(0.64), and bisphenol A polycarbonate (PC) (0.65). Inside the brackets there are the n values of the
corresponding polymer. By inspection of figure 1} one can verify, for any scaled temperature T'/T, that
W*(T/ T,)), correlated approximated with n, the non-exponentiality parameter of the a-relaxation. The
inset shows the correlation of (u*(T'/ Ty)) at T/T, = 1 with n. All W*(T/ T,)) data shown were taken by
the spectrometers with energy resolution of 0.2 meV to ensure an objective comparison, since neutron
data depend on the energy resolution.

Note that (1*(T)) changes to a stronger temperature dependence in the liquid state after crossing T,
from below. As will be discussed in the next section, the (¥>(T')) measured near T, by neutron scattering
at time scales usually shorter than 1 ns correspond to the motions of molecules within cages affected by
the intermolecular potential. Thus, the change of (u*(T)) at T, defined by the a-relaxation means that
the caged molecule dynamics is sensitive to the density change, a point which will be revisited in the
sections follow.

Ultimately, the correlations found must come from the intermolecular potential and its variation
from one glass-former to another, a point also recognized by SRSM. This prompted the performance
of molecular dynamics simulations of binary Lennard-Jones systems with three different potentials
with increasing anharmonicity [7, [8]]. The results show that the increase of anharmonicity and capacity
for intermolecular coupling of the potential is the cause of the increase of kinetic fragility and non-
exponentiality in the liquid state, and in parallel the Ty-scaled temperature dependence of 1/f(Q,T)
vs. T/T, determined by the vibrations at low temperatures in the glassy state. Hence, the basis of the
correlation discovered experimentally by SRSM is on anharmonicity of the intermolecular potential on
which the coupling model (CM) was built [9H13].

3. The JGX B-relaxation: the intermediary of caged dynamics and -
relaxation

The correlations found by Scopigno et al. [[1] and by neutron scattering [6] imply that the @-relaxation
is linked to the faster process manifested by 1/ f(Q — 0, T) or (u?*(T)). These latter quantities in the glass
state obtained by the IXS and neutron scattering solely pertain to the dynamics of molecules mutually
caged via the intermolecular potential because the secondary relaxation time 7g(7") and, even more, the
primary relaxation time 7,(7) are much longer than the time-scales of measurements. The dynamics
of caged molecules is not a relaxation or diffusion process and it has no characteristic times. Observed
in susceptibility [14], the caged dynamics has the frequency dependence, y”'(w) = A(T)w™°, where
0 < ¢ < 1 is a small positive constant, and the behaviour is appropriately called the nearly constant
loss (NCL). It was also found by dielectric relaxation [[L15H17], light-scattering [LL8, [19], and in optically
heterodyne detected optical Kerr effect (OHD-OKE) experiments [20-22].

Notwithstanding the significance of the short time caged molecule dynamics, the question that arises
quite naturally is whether a secondary relaxation exists in between it and the a-relaxation which has
properties that are correlated with those of the former as well as the latter? If such a secondary relaxation
exists, it would bridge the link of the caged dynamics to the @-relaxation, and make the physics richer.
A development by the CM starting in 1998 [13| 23H25]] has indeed found such secondary relaxations
with properties strongly related to the a-relaxation. Such secondary relaxations have relaxation times 73
approximately the same as the primitive relaxation time of the CM, i.e.,

%~ 0. )

and it shifts on elevating pressure in concert with 7,. To distinguish the secondary relaxations belonging
to this special class from other trivial ones, they were called the Johari-Goldstein (JG) S-relaxations
with the intention of honouring these two colleagues for their contributions to secondary relaxations and
particularly to the discovery of a secondary relaxation in totally rigid molecule without internal degree of
freedom. In retrospect, this is not a good choice because many researchers use the term, JG relaxation, for
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all secondary relaxations without distinction. A better choice of nomenclature for secondary relaxation
in the special class is JGX B-relaxation, which we shall adopt from now on.

The primitive relaxation time 7o(7, P) of the CM bears a rigorous connection to 7, (7, P) in temperature
and pressure dependences via the time honoured CM equation [9} [13]],

1o(T, P) = [£"70(T, P)] /7. (5)

In this equation, ¢ = 2 ps and the Kohlrausch exponent (1 — n) or the frequency dispersion of the a-
relaxation is constant to variations of 7 and P at constant 7, (7, P) [26]. Hence, by combining equations (@)
and (5), we arrive at the prediction of approximate invariance of the separation between the e-relaxation
from the primitive relaxation given by

log[74(P,T)] — log[73(P,T)] ~ n{log[7e(P,T)] - 11.7} (6)

to variations of 7 and P as long as 7,(7T, P) is kept constant. This prediction had been verified by
experiments multiple times [27H34]. Shown as an example, it is taken from the dielectric relaxation
measurements at elevated pressures on a mixture of 20% TPP (tripropyl phosphate) with polystyrene
(PS) [34]. The dielectric spectra in fi gure|2|show the faster JGX S-relaxation and the slower a-relaxations
at three different combinations of 7' and P while keeping the a-loss peak frequency f, (7, P) constant.
The constancy of the corresponding fz(T, P) of the JGX B-relaxation verifies equation (6). The right-
hand panel of figure 2| shows the relaxation times, 7, (7}, P) and 73(7;, P) as functions of pressure. When
74(Ti, Py) = 100 s, it can be seen that 75(T}, P,) is independent of T;.

‘_._l _______________________
v T=204K
0 T=310K
n T=319K
B
E
0
0
g o
A T=270KP=0.1 MPa Y o 9
e T=294K P=100 MPa ) 53155
m T=319 K P=210 MPa _._._._—.:.‘.,..'_&ﬂ;._e.C._! ...................... .
N
10_1 Lt ML ML L IRALL ML BLALL Bl Al BEALL B ' ' : i ! i ] ’ ' '
10% 102 10° 102 10° 10 0 100 200 300 400 500
frequency (Hz) P(MPa)

Figure 2. (Colour online) (Left-hand panel) Superposition of spectra at different pressures and tem-
peratures, for the same frequency of the maximum of the peak, for the 20% TPP in PS mixture. The
conductivity has been subtracted. Solid black lines are fits by the Fourier transform of the KWW func-
tion. (Right-hand panel) Relaxation map for 20% TPP in PS mixture as function of pressure at three
different temperatures. Solid points represent relaxation times of the @-relaxation, while open points
represent relaxation times of the JG S-relaxation. Also shown are the fits of the a-relaxation with the
Vogel-Fulcher-Tammann equation (solid lines), while the JG S-relaxation times have been fitted with an
Arrhenius law.
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In most of the cases cited including figure[2] the JGX B-relaxation shows up as a prominent loss peak
for all T and P and the peak frequencies fz(T, P) are nearly the same, and the invariance of

log[74(P,T)] — log[75(P,T)]

at constant log[t, (P, T)] is experimentally verified. This remarkable property of the JGX B-relaxation
implies that it is inseparable from the a-relaxation and a necessary precursor. Further considerations of
experimental evidences have reached the conclusion that the thermodynamic-scaling or 7V?-scaling of
the a-relaxation originates from the primitive relaxation or the JGX B-relaxation [35]]. From these results,
one cannot afford to ignore the JGX S-relaxation in any theory solving the glass transition problem.

4. Caged dynamics is terminated by the JGX S-relaxation

In the CM, another role of the primitive relaxation is the decay of the cages and the termination of the
cage dynamics of glass-formers and ionic conductors as well, and hence from relation (4) that the JGX
B-relaxation plays the same role. This has been demonstrated before [17] 24] [36] as well as in figure [3]
for three molecular glass-formers, propylene carbonate, glycerol, and threitol.

The same is shown in figure [ by the collection of data of colloidal particles suspension at volume
fraction ¢ = 0.56 by confocal microscopy by Weeks et al. [37]]. The right-hand panel of the figure shows
the trajectories of particles that they spent most of their time confined in cages formed by their neighbours
and moved significant distances only during quick and rare cage rearrangements. A typical particle takes
average time 7. of 500 s to shift position and leaves the cage. This time, identifiable with the primitive
relaxation of the CM is indicated by the vertical arrow in the log-log plot of the MSD, (Ax?(At)), against
At in the left-hand panel. It can be seen that (Ax*(At)) ~ (Ar)¢ with ¢ ~ 0.13 at times shorter than
200 s, during which effectively the particles are all confined in cages because 7. of 500 s has not yet
been reached. The (Ax?(At)) for At < 200 s corresponds to susceptibility with frequency dependence
x"(v) ~ v=¢ with ¢ = 0.13, which is the NCL in the caged regime. The lower-right-hand inset is a plot
of the cage correlation function Cgage(At) against At for three systems with ¢ = 0.56, 0.52, and 0.46
(from top to bottom) [38]], and the vertical arrow indicates At = 500 s. It can be seen that for ¢ = 0.56,
Ceage(At) undergoes a significant decay starting at Az = 500 s.

Propylene cae
n=0.27
Glycerol
lr‘)=0.29

1 | -

Figure 3. (Colour online) Dielectric loss spectra of glycerol, propylene carbonate, and threitol, to show
that the NCL at high frequencies is terminated by the primitive relaxation frequency vy ~ vg. The data
of glycerol were scaled down by a factor to avoid an overlap with the data of the two other glass-formers.
The lines are the fit of the a-loss peak by the Fourier transform of the Kohlrausch function with values
of n given in the figure.
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Figure 4. (Left) Mean square displacement (AxZ(Ar)) for volume fractions ¢ = 0.56 from Weeks et
al. [37]. One vertical arrow indicates Az = 500 s, the time when a typical particle shifts position and
leaves the cage determined by confocal microscopy experiment [37]]. The other vertical arrow indicates
the time £, when the non-Gaussian parameter a;(Ar) assumes its maximum as shown in the inset on
the upper-left corner. The dashed line that has a slope 0.13 indicates the NCL regime. The inset on the
lower-right corner is a plot of the cage correlation function Ccage(At) against At for three systems with
¢ = 0.56, 0.52, and 0.46 (from top to bottom) [38]], and the vertical arrow indicates Ar = 500 s. (Right)
A 2D representation of a typical trajectory in 3D for 100 minutes for ¢ = 0.56 from Weeks et al. [37] to
illustrate that particles spent most of their time confined in cages formed by their neighbours and moved
significant distances only during quick rare cage rearrangements. The particle shown took ~ 500 s to
shift position. Reproduced from references [37, 38|] by permission.

The phenomenon was found in ionic conductors in experiments and in simulations, and the NCL is
terminated by the primitive conductivity relaxation time [24, 39].

5. Caged dynamics senses the primary (@) and the secondary (JGX f)
glass transitions

In figure 1| one can see that the temperature dependence of (u*(T)) changes from weaker to stronger
on crossing T, from below although data at higher temperatures are not shown. More data showing this
property can be found in the review [6]. The (u*(T)) data representing the caged dynamics are accessed
by neutron scattering measurements of (u*(T)) at short times less than 1 ns, while glass transition occurs
when 7,(T) reaches a long time ~ 107 s. There is a disparity of more than 12 orders of magnitude in
time scales of (uz(Tg)) and 7,(T,) and yet it is the relation. The fact that it is a remarkable property was
appreciated by Angell [40], and others. Obviously this property reflects that caged dynamics is sensitive
to density, but the question is why? The answer comes from the coupling of the caged dynamics to the
JGX B-relaxation, which follows from the former and is terminated by the latter as shown in section [4]
and also from sectionthat the JGX B-relaxation time 73(7) is density dependent.

A neutron scattering study of 1,4-PB by Frick et al. [41]] found that the static structure factor S(Q)
is the same at different (7, P) combinations while maintaining the density constant, but the a-relaxation
and the fast process both change. The fast relaxation shows up as a flat susceptibility minimum, and
thus it is the nearly constant loss, y”'(w) = A(T)w™¢ with 0< ¢ <1, of caged dynamics. For two (T, P)
combinations, the one with a higher temperature has shorter a-relaxation time and higher intensity A(7T')
of the nearly constant loss. This correlation is another evidence of the connection of caged dynamics to
the merged @ and the JGX g relaxations. It was also explained in reference [42]].

The paper [43] used terahertz time-domain spectroscopy (THz-TDS) to study the dynamics of the
polyalcohols, glycerol, threitol, xylitol, and sorbitol, at temperatures from below to above the glass
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transition temperature T,. On heating the glasses, they observed that the dielectric losses, &”(v) at
v = 1 THz, increase monotonously with temperature and change the dependence at two temperatures,
one at the 7, and another one at a lower temperature Tyr. The observed &”(v) or x”’(v) is the nearly
constant loss associated with caged dynamics. Before the publication of the paper by Sibik et al. we
already knew that the JGX g-relaxation is density dependent. Hence, it gives rise to the JGX B-glass
transition at 7oz where 15(Tgp) = 103 s, and temperature dependence of density changes on crossing
Top. Also we knew that caged dynamics is connected to the JGX f-relaxation. Based on this knowledge,
we interpreted the Ty of the polyalcohols from Sibik et al. as Ty, and confirmed this interpretation by
determining Typ by extrapolating the Arrhenius 7-dependence of 75(T') to 103 s. The initial success led us
to look into the literature of experimental studies in the fast caged dynamics in the glassy state of various
glass-formers at high frequencies. The appropriate experimental techniques include neutron scattering,
Brillouin scattering, >H-NMR spin-lattice relaxation, and high frequency dielectric spectroscopy. In
several papers we reported our analyses of the published data to show in many different glass-formers
that the intensity of the caged dynamics exhibits a two-step increase at Tyg and T,. The phenomenon is
general and found in polyalcohols [44], pharmaceuticals [44], many amorphous polymers [45]], several
small molecular van der Waals glass-formers [46] 47], metallic glass [48]], carbohydrates [49], and
proteins [30, 51]. In some cases, Tyz was determined directly by calorimetry, positronium annihilation
lifetime spectroscopy (PALS). In figure [5] we show an example from poly(ethylene terephthalate) of the
step change of caged dynamics intensity at Tyg [43].
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Figure 5. (Colour online) Upper panel: logarithm of the @- (green closed) [52]] and (open circles) [S3] and
JGX p-relaxation time (blue open and closed squares, from dielectric [52, 53] and dynamic mechanical
spectroscopy data [54], respectively) of PET plotted as a function of temperature. The low temperature
gray shaded area is bracketed from the Ty values obtained when 7(Tgg) = 103 s for dielectric and
dynamic mechanical data. The narrow high temperature shaded area marks the interval for the values
of Tyo obtained from the two sets of data from references [52] and [33]]. The solid curve is a Vogel-
Fulcher-Tammann fit to the a-relaxation. The dashed lines are Arrhenius fits for the S-relaxation times.
Lower panel: mean square displacement, (u?), of amorphous PET (open black triangles) as measured at
the IN10 spectrometer plotted as a function of temperature. Data are from reference [55] and redrawn.
Data above 383 K are not shown, being potentially affected by cold crystallization. The two dashed lines
are linear regressions optimized in the low and intermediate temperature region. The arrow indicates the
location of Typ as obtained from the crossing of the two linear regressions.
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6. Summary and conclusions

The abundant experimental data in the past twenty years have shown that the faster processes,
including the caged dynamics and the JGX [-relaxation, are connected to the slower a-relaxation.
Manifested in various ways in experiments and simulations, the effects from the coupling clearly confirm
that the dynamic and thermodynamic properties of the a-relaxation are strongly connected with those
of the faster processes. Invoking the principle of causality, we can conclude that the faster processes
are indispensable precursors of the a-relaxation, and the dependence of the terminal a-relaxation time
on density and entropy actually originates or inherits from that of the faster JGX [-relaxation time.
Therefore, it is absolutely necessary to consider the faster process in solving the glass transition problem.
Any effort to tackle exclusively the a-relaxation neglects the fundamentals, and is like putting the cart
before the horse. The seminal paper by Scopigno, Ruocco, Sette and Monaco in 2003 [1] and other related
papers had made this important point amply clear.
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K.L. Ngai, S. Capaccioli, L.M. Wang

A6COoNOTHO HEO6XifAHO BpaxoByBaTU AUHAMIKY HaW6GANIKYOrO
oTOUeHHs Ta JGX B-penakcauilo B po3B's3aHHi npo6aemMmun
nepexopy B CTaH CK/a

K.J. Hra'lm, C. Kanaqblionp], J1.M. BanrZ

T CNR-IPCF, 1-56127 Miza, Itanis

2 Jep>xaBHa knto4voBa nabopatopis Hayku Ta TeXHONOrii MeTacTabibHNX MaTepianis, YHiBepcuTeT SHLIaHY,
KiHrxyaHrgao, Xebein 066004, Kntai

3 ®iznuHnii dakynbTeT, YHiBepcuTeT MMisn, I-56127, Misa, Itania

BusHauyHa ctatTa 2003 poky nif Ha3Bok “Yu € KPUXKICTb PiAVHM 3aX0BaHa y BAACTUBOCTAX ii CkNa?” aBTopCTBa
Tynnio CkoniHbiAo, xxaHkapno Pyokko, PpaHuecko CeTTe i xkynio MoHako NoBigomasna, Lo BAACTUBOCTI CTPY-
KTYpHOT -penakcaLiii cknopopmytoUmx CUCTeM € BXe NPUCYTHI Y LBMALLIA AWHaMIL] HAR6ANXKYOTrO OTOUEHHS.
Lle BaxnvBe BiAKPUTTA Ma€ Aanekongyumnin HacNiAoK ANS NPOLLECiB, LWBUALLNX 3@ CTPYKTYPHY @-penakcalito, wo
He MOXYTb 6yTV NPOirHOPOBaHi B pO3B'A3aHHI NpobaemMun Nnepexojy B CTaH ckaa. BigTogi, excneprmeHTH Ta KOM-
n'toTepHi MOZAENOBAHHS, BUKOHAHI 4151 6araTbox CKNoGOPMYOUYMX CUCTEM 3 Pi3HUMM XIMIYHUMI Ta GiNUYHUMU
CTPYKTYpamMu 3HaALLAN CUABHWIA 3B'A30K av-penakcaLiii 3 He auLle AVHaMIKOK HalbanXK4Yoro OToYeHHs, ane i 3
BTOPVHHOI pesiakcaLlieto cnewianbHOro TMny, HaseaHow JGX SB-penakcalli€to. 3aranbHi pe3ynbTaTi BKasyoTb,
Lo Ui WBWAKI NpoLiecu € HeBig'€MHI Bif a-penakcauii, Ta 6yAb-saka cnpoba po3s'a3aTu npobnemy nepexogy B
CTaH ckna Mae bpatu go yBaru Leli dakT. Mpuknaam Takmx 38'83KiB NogaHi B LjlA CTaTTi, 06 3'AcyBaTV PO3pO6KN
Ta nporpec, 3pobaeHi nicna Hagmxatoyoi nybnikauii CkoniHbo 3i cniBaBTOpPaMu.

KntouvoBi cnoBa: nepexig B ctaH ckaa, CKAOBUAHI CUCTEMY, AMHAMIKa Hallb/IMXK40ro OTO4YeHHS, BTOPUHHA
penakcayis
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