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Microscopic observation of hidden Johari-Goldstein-8 process in glycerol
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The Johari-Goldstein-8 (JG-B) process is widely observed in a variety of glass-forming systems and recog-
nized as an intrinsic process in deeply supercooled and glassy states. However, in some systems, e.g., glycerol, a
clear sign of the JG-8 process is often not apparent; for example, an isolated JG-8 peak may not be observed in
the dielectric relaxation spectrum. In this study, we directly investigated the angstrom-scale dynamics of glycerol
through quasielastic scattering experiments using time-domain interferometry. The relaxation times of the local
motions start to decouple from the timescale of the diffusion process and follow the established behavior of the
JG-B process. This finding microscopically indicates the existence of the hidden JG-8 process in glycerol. In
addition, we succeeded in determining the decoupling temperature of the JG-8 process by using the spatial-scale

selectivity of the quasielastic scattering technique.
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In the 1970s, Johari and Goldstein systematically studied
the dynamics of many glass-forming systems using dielectric
relaxation spectroscopy, often observing an isolated peak in
addition to the main peak related to the diffusion («) pro-
cess [1-3]. Nowadays, this additional process is called the
Johari-Goldstein-8 (JG-B) process, recognized as an intrin-
sic process in deeply supercooled and glass states [4,5]. In
the relaxation spectrum of a deeply supercooled system, the
JG-p process starts to appear on the high-frequency (shorter
timescale) side of the o process peak, branching from the o
process with cooling [1-5]. The coupling model has been suc-
cessfully employed to explain the relation between the JG-f
process and the o process, proposing that the JG-8 process
acts as a precursor for the o process in supercooled states
[5]. At glass-transition temperature (7 ), the o-relaxation time
reaches 100 s, while the timescale of the JG-8 process is
much shorter, around microseconds and milliseconds, owing
to the relatively moderate temperature dependence of the JG-
B process [1-5]. As for a picture of how the relaxation occurs
in real space, some experiments such as NMR have revealed
that the JG-B process is spatially restricted and occurs more
uniformly and locally compared with the « process [5-11].
However, Johari ascribed the origin to the rotational and/or
translational motion of a small subset of molecules with dis-
tinct dynamical behavior, the movement of which cannot be
trivially associated with a uniform response [4,12]. Because
the microscopic dynamics associated with the JG-8 relaxation
have not yet been fully observed, a microscopic picture of the
JG-B process remains controversial.

The JG-B process is widely observed in a variety of sys-
tems, such as structural glass formers, orientational glasses,
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and biosystems, and is known to control some of their macro-
scopic properties [1-5]. However, the JG-8 process is not
clearly observed in some glass-forming systems using any
method, including dielectric relaxation spectroscopy (DRS),
which is one of the most powerful tools for investigating
the JG-B process because of its broadband characteristics
[7,13,14]. In some glass-forming systems, an excess tail of the
o peak, denoted as the excess wing (EW), is observed on the
high-frequency side of the « peak in the dielectric relaxation
spectra, instead of a clear JG-8 peak [7,15-17]. Glycerol is
one of the most famous examples of such materials [7,15-22].
Several origins have been proposed for the EW of glycerol: the
JG-p process [18-20], a process other than the JG-8 process
[21], and both the excess high-frequency component of the «
process and the JG-8 process [22]. This controversy regarding
the common existence of the JG-8 process and the origin of
EW hinders the establishment of a general dynamical view of
glass-forming systems.

Herein, we report clear evidence for the presence of the
JG-B process in glycerol, as microscopically revealed via
quasielastic gamma-ray scattering (QEGS) using multiline
time-domain interferometer (TDI) [23-25]. Quasielastic scat-
tering techniques allow for the determination of microscopic
relaxation times with the specification of the spatial scale
by selecting the momentum transfer g [26-29]. It has been
established that the local JG-B process can be observed via
QEGS using TDI in the large g region corresponding to the
local spatial scale (such as a few angstroms) distinctly from
the « process observed in the smaller g region [10,26-29].
Owing to this selectivity, we succeeded in clearly observing
the JG-B process and determined the decoupling temperature
of the JG-B process in glycerol.

Anhydrous glycerol (>99.5%) purchased from Sigma-
Aldrich (St. Louis, MO, USA) was treated in a N, atmosphere
to avoid contact with humid air. TDI-QEGS experiments
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FIG. 1. Spatial and timescales of dynamics covered by some
quasi-elastic gamma-ray scattering techniques and diffraction pattern
of glycerol. (a) Spatial (momentum transfer ¢) scale and timescale of
dynamics covered by TDI-based quasi-elastic gamma-ray scattering
techniques (TDI-QEGS), quasi-elastic neutron scattering (QENS),
and neutron spin echo (NSE). (b) Diffraction profile of glycerol. The
q regions covered by the detectors are indicated by the bars.

were performed at the nuclear resonant scattering beamline of
SPring-8 (Japan) in an operating mode with a bunch interval
of 684.3 ns. Directional Mossbauer gamma rays (with energy
of 14.4 keV and energy width of ~4.7 neV) from >’Fe nuclei
were utilized for the QEGS measurements using multiline
TDI [24,25]. As shown in Fig. 1(a), QEGS using multiline
TDI covers the typical time and spatial scales dominated by
the JG- B process [24,25]. Therefore, this technique is ideal for
microscopically observing the JG-8 process. The diffraction
pattern of glycerol is shown in Fig. 1(b). A Si-avalanche pho-
todiode detector was used to detect scattering photons. The
detector was placed at angles corresponding to g = 15, 41,
and 58nm™!. The three g regions covered by the detectors
are shown in Fig. 1(b). The measurements were performed at
temperatures of 185, 195, 205, 215, 220, 225, 230, 235, 240,
245, 250, 255, and 260 K, including 7, = 185 K.

In Fig. 2(a), the time spectra obtained at 185, 220, 230,
240, and 250 K atg = 15 nm~! are shown. The QEGS spectra
Igegs(g, t) can be expressed as

Igpas(q, 1) o< {1 —I¢(q, OHL (1) + L)} + I°(q, D142, ()
—{1 = fae(@}h(1), (D

where I¢(q, ) is the experimentally obtained ISF normalized
by the value at time ¢ = 0; fag is a fitting parameter contain-
ing information of dynamics in the picosecond timescale; ¢
is the time [25]; I;(¢t), L(¢), and I,4o,,(¢) are the reference
time spectra of gamma rays from the upstream, downstream,
and gamma-ray emitters, respectively [25]. The Kohlrausch-
Williams-Watts (KWW) function froexp{—(t/7)P¥¥} is as-
sumed to be the relaxation function of 1¢'(g, t) of each QEGS
spectrum, where fro, T, and Bgww are the intensity of the
relaxation, relaxation time, and stretching parameter, respec-
tively.

A DRS study reported that Bgww of the « process appar-
ently decreases with cooling [17]. Therefore, the temperature
dependence of Bgxww was considered for fitting the obtained
time spectra to precisely determine the relaxation times. The
DRS result validates the linear temperature (7') dependence
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FIG. 2. Time spectra and intermediate scattering functions. (a)
Time spectra (red points) obtained at 185, 220, 230, 240, and 250 K
atg = 15nm™". Solid lines indicate the fitting curves. (b) Normalized
intermediate scattering function 1¢'(g, t) evaluated by the fitting for
each temperature at ¢ = 15nm™"'. Solid curves are the Kohlrausch—
Williams—Watts function determined by fitting. 1¢'(g, t) obtained at
(¢)g=41nm™, and (d) ¢ = 58 nm™".

of Bxww as Bxww(T) =a+ bT, where a and b are con-
stants [17]. We performed global fitting for all time spectra
at the diffraction peak (¢ = 15nm™") using the linear tem-
perature dependence with free a and b parameters and other
respective free parameters such as fro and t for each spec-
trum. The fitting curves of the time spectra are shown in
Fig. 2(a): the time spectra are well fitted. We determined
a=0.43(£0.08) and b= 1.4 x 1073(+0.2 x 103)K"". At
220 K, for example, the Sxww value for g = 15 nm™ is 0.7.
This Sxww value is consistent with that of the o process
obtained via DRS [17]. In Fig. 2(b), the evaluated ISF from
the experimental time spectra are presented, confirming that
the evaluated ISF is explained by the KWW function (solid
curves) determined by the fitting.

The mean relaxation time (t) was calculated for each tem-
perature and g point as () = t['(1/Bxkww)/Bxww, where I'
is the gamma function. The obtained temperature dependence
of () at ¢ = 15nm™"! is shown in Fig. 3(a) as filled circles
in a so-called Angell plot. At ¢ = 15nm™!, the temperature
dependence is sufficiently explained by the Vogel-Fulcher-
Tammann (VFT) law (solid curve). To reveal the microscopic
origin of the relaxations observed at g = 15 nm~!, we com-
pared the obtained relaxation time with the DRS relaxation
times. The «-relaxation time t,, obtained via DRS is displayed
in Fig. 3(b) as a black solid curve together with the relaxation
times obtained by the present study at ¢ = 15nm™" (filled cir-
cles) [17]. Though these relaxation times should be carefully
compared due to the difference of the origin of the relaxations
probed by these methods, as discussed in Ref. [30], the order
of the timescale of the relaxations can be comparable. The
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FIG. 3. Temperature dependence of the relaxation time. (a) Tem-
perature dependence of the mean relaxation time obtained at g =
15,41, and 58 nm™'. Red curve indicates the VFT fit for the mean
relaxation time obtained at ¢ = 15nm™'. Dashed lines are the fitting
curves by the Arrhenius law for the mean relaxation time obtained
at ¢ =41 and 58nm™". (b) Temperature dependence of the mean
relaxation time determined from various methods. The symbols of
the mean relaxation times obtained in the present study are the same
as those in (a). Solid line is the «-relaxation time realized via DRS
[16]. The timescales of EW gy determined by assuming a single
peak for EW in the dielectric relaxation spectra are shown as empty
circles [16]. Empty triangles are the JG-$ relaxation time obtained
from the line-shape analysis of the EW region of the dielectric
relaxation spectra [21]. Dotted line and dashed lines are guides for
the eyes. Cross points are the collective relaxation time determined
via NSE at ¢ = 0.74nm™! [29].

a-relaxation time of DRS exhibits a similar timescale to the
relaxation time obtained by the present study at the diffraction
peak. This agreement confirms that the o process mainly
dominates the structural relaxation motions observed at the
diffraction peak (g = 15nm™") [26,27].

For time spectra obtained at ¢ = 41 and 58 nm™!, we per-
formed a similar analysis with a fixed b = 1.4 x 10~ value
obtained through the analysis for ¢ = 15nm™' due to rela-
tively low statistics. The time spectra are well fitted and the
a value was determined by the global fitting as 0.18(%0.07).
At 220 K, the Bxww values for ¢ = 41 and 58nm™"' were
approximately 0.5, which was found to be lower than the
value at ¢ = 15nm™". In Figs. 2(c) and 2(d), we present the
evaluated ISF from the experimental time spectra for g = 41
and 58 nm™', respectively.

The obtained temperature dependences of (t) at g = 41
and 58 nm™! are respectively depicted as the filled triangles
and diamonds in Figs. 3(a) and 3(b). At large g regions, the
change in the temperature dependence from the VFT to the
Arrhenius law is commonly observed through cooling. In the
low temperature region of 0.82 < T,/T < 1, we fitted the
temperature dependence by the Arrhenius law for ¢ = 41 and
58 nm~'. The fitting curves are shown as the dashed lines.

Very similar relaxation behaviors have been reported in the
large g regions of o-terphenyl, polybutadiene, and 5-methyl-
2-hexanol in comparable T,/T regions via QEGS using TDI
[26-28]. The origin of the local-scale relaxations was found
to be the JG-B process [26-28]. The quantitative similarity
summarized in Table I is clear enough that the local-scale
relaxation observed for glycerol can be attributed to the same
origin. Namely, the JG- process commonly dominates local-
scale relaxations observed in the g region above several tens of

TABLE 1. Summary of g range, branching temperature T,/T,g,
and activation energy E of the JG-f process obtained via quasi-
elastic scattering using TDIL.

g range (nm™") T,/ Tus E (kJ/mol)
o-terphenyl 18, 23,29 [25,26] 0.86 [25,26] 36 [25]
polybutadiene 21,27,32,39[26] 0.81 [26] 20 [26]
S-methyl-2-hexanol  13,24,37[27]  0.83 [27] 27 127]
glycerol 41,58 0.82 28, 26

nm™!, as shown in Table I. The temperature at which the local-
scale motions start to follow the Arrhenius law by cooling
is treated as the branching temperature of the JG-8 process
Typ [26,27]. We could determine T, as T,/T,p ~ 0.82, which
is close to the T,/T,g values of other glass-forming systems
reported thus far via QEGS [26-28]. The evaluated activation
energies E were 28 (£8) and 26 (£4) kJ/mol obtained for
g =41 and 58nm™!, respectively, which are comparable to
those obtained at similar ¢ scales (several tens of nm™") for
other glass-forming systems observed via QEGS using TDI,
as shown in Table I, and reasonable for the JG-8 process [22].

In a previous study, dielectric relaxation spectra were ana-
lyzed by assuming a single peak for EW [17]. The obtained
timescale tgw, shown as empty circles in Fig. 3(b), is the
representative timescale for EW [17]. The temperature de-
pendence of tgw is similar to that of the «-relaxation time.
Therefore, the origin of the major part of the EW is interpreted
to be the excess high-frequency component of the o process.
In contrast, the temperature dependence of the JG-8 relax-
ation time obtained in the present study is apparently different
from the temperature dependencies of the «-relaxation time
and tgw. Here, in the dielectric relaxation spectra, the EW of
glycerol spreads over very wide frequency (time) scales and
the broad EW time ranges fully include the timescale of the
JG-B process determined in the present study [17]. This result
suggests that both the excess high-frequency component of
the a process and the relatively week JG-8 peak contribute
to the EW. Thus, analysis of the EW region in the dielectric
relaxation spectra requires a quantitative line-shape analysis
assuming both contributions. Through careful observation of
the aging phenomenon in glycerol, both contributions to the
EW region have been revealed so far [18,22]. Based on this
observation, a line-shape analysis of the DRS results was
previously performed by assuming a relatively weak peak for
the JG-B process and the power-law tail, which expresses the
excess high-frequency contribution of the « process [22]. The
timescale of the JG-B process tjgg obtained from the line-
shape analysis is indicated by the empty triangles in Fig. 3(b)
[22]. The temperature-dependence behavior of Tjgg agrees
well with that of the JG-8 relaxation times obtained in the
present study. This agreement strongly supports our result that
the JG-B process contributes to EW in addition to the excess
high-frequency component of the « process.

In Fig. 3(b), the timescales of the translational collective
dynamics obtained through neutron spin echo (NSE) at very
low ¢ = 0.74nm™" are plotted as cross points [30]. The spatial
scale of the observed corrective motions is 2w /g ~ 8.5 nm.
The collective nanometric-scale relaxation times are close
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to the a-relaxation time of DRS in the high-temperature
region (Ty/T < 0.8) [30]. We found that the relaxations at
g = 15nm™" (4-A scale) are dominated by the o process in
the present study. Therefore, the o process dominates the
dynamics on a collective spatial scale larger than several
angstroms, while the local-scale relaxations observed at g =
41 and 58 nm™"' (1-A scale) are mainly caused by the JG-B
process. At T,/T = 0.87, the collective relation time deter-
mined via NSE deviates from the «-relaxation time as shown
in Fig. 3(b) [30]. The observed relaxation is too fast to be
ascribed to the JG-B process. Such an interpretation is also
inconsistent with the locally restricted relaxation picture of the
JG-B process revealed so far [5-11]. The data at 7,/T = 0.87
is close to Tgw, whose major origin was ascribed to the excess
high-frequency component of the « process in the above dis-
cussion. Therefore, we assume that the excess high-frequency
component of the « process is observed at T,/T = 0.87 in-
stead of the major part of the o process, whose relaxation time
7, 18 too long to be detected at this temperature. To elucidate
a more detailed microscopic picture to explain the excess
high-frequency component, further dynamic measurements
are required in the relatively low g region.

In this study, we demonstrated the existence of a local-scale
JG-pB process in glycerol from a microscopic viewpoint. We
microscopically revealed that both the JG-8 process and the

excess high-frequency component of the o process contribute
to EW in the dielectric relaxation spectra. The spatial-scale
selectivity of QEGS allows for selective observation of the
JG-B process at relatively high g even near the decoupling
temperature of the JG-8 process from the « process. This en-
abled us to determine the branching temperature of the JG-f
process from the o process as T,/T,5 ~ 0.82. The dynamic
information uncovered in this work and the thermodynamics
of such systems can be integrated into an energy landscape
view, whose understanding is key to revealing the time-space
evolution of the JG-B process, e.g., its relationship to the
a process above T, and the microscopic mechanism behind
aging phenomena below T, [4,5,31]. The local structure of
the energy landscape can be further investigated by combining
QEGS and calorimetry studies [32,33].
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