The Journal
of Chemical Physics

ARTICLE pubs.aip.org/aip/jcp

Fast vs slow physical aging of a glass

forming liquid

Cite as: J. Chem. Phys. 159, 084504 (2023); doi: 10.1063/5.0167766

Submitted: 14 July 2023 + Accepted: 9 August 2023 -
Published Online: 28 August 2023

Ranko Richert'® and Jan P. Gabriel®

AFFILIATIONS

T'School of Molecular Sciences, Arizona State University, Tempe, Arizona 85287, USA
2Class and Time, IMFUFA, Department of Science and Environment, Roskilde University, Roskilde 4000, Denmark

2 Author to whom correspondence should be addressed: ranko@asu.edu

ABSTRACT

Using electric fields to initiate the process of physical aging has facilitated measurements of structural recovery dynamics on the time scale of
milliseconds. This, however, complicates the interesting comparison with aging processes due to a temperature jump, as these are significantly
slower. This study takes a step toward comparing the results of field and temperature perturbations by providing data on field-induced
structural recovery of vinyl ethylene carbonate at two different time scales: 1.0 ms at 181 K and 33 s at 169 K, i.e., 4.5 decades apart. It is
found that structural recovery is a factor of two slower than structural relaxation in equilibrium, with the latter determined via dielectric
relaxation in the limit of linear response. The relation between recovery and relaxation dynamics remains temperature invariant across the

present experimental range.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0167766

. INTRODUCTION

Physical aging refers to the process of a material approaching
equilibrium or steady state conditions after a change in exter-
nal parameters such as temperature, pressure, or electric field."”
Measurements aimed at characterizing physical aging are typically
performed with glass forming materials as a response to a tem-
perature down-jump from above the glass transition temperature
Ty, where the system is in equilibrium, to below Ty, where it
takes a considerable time for the material to equilibrate.”” Here,
equilibrium refers to the metastable, supercooled liquid state of
matter, whereas the true equilibrium state below the melting point
may be the crystalline state. Recent technical advances have facili-
tated defined temperature jumps within a matter of seconds, thus
providing access to aging measurements on the time scale of min-
utes rather than hours, days, or weeks.” The application of an
external electric field will also induce physical aging, provided
that the field magnitude is sufficiently high to drive the system
beyond the regime of linear response. This approach to aging
has the advantage that applying an electric field can be accom-
plished within microseconds.” It has been demonstrated that this
approach leads to aging processes on time scales of milliseconds.””
Therefore, if external variables can be modified sufficiently quickly,

physical aging can occur quickly and well above the glass
transition.

What distinguishes aging in response to a change in the elec-
tric field vs temperature is the rate at which the external parameter
can be modified, the quadratic dependence on the field amplitude,
and the magnitude of the aging response, which is typically very
small even for electric fields near the dielectric breakdown limit
of the sample. The following will refer to physical aging in this
limit of small external perturbations as structural recovery, where
the amplitude of the response is proportional to the magnitude of
the perturbation. In this context, an interesting question is whether
the dynamics of structural recovery are the same for temperature
(T), pressure (p), or field (E?) induced cases. Existing recovery data
do not allow for a direct comparison of T-vs E*-induced recov-
ery, as the experiments have been conducted at very different time
scales and temperatures. In fact, it has not yet been demonstrated
that field-induced structural recovery well above and near Ty is
comparable.

Vinyl ethylene carbonate is a highly polar molecular glass-
former with a dipole moment g = 4.76 D and no pronounced
secondary relaxation peak,'” which are ideal properties for field-
induced aging experiments. The aging dynamics can be monitored
in the kHz regime (where dielectric loss resolution is high), even
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at Ty = 168 K. We show that, apart from the time constant, struc-
tural recovery dynamics are the same at 1 ms and 33 s time scales
and somewhat slower than the respective a-relaxation times in
equilibrium.

Il. EXPERIMENTS

Vinyl ethylene carbonate has been obtained from Sigma-
Aldrich (VEC, 4-vinyl-1,3-dioxolan-2-one, 99%) and was used as
received. The sample is placed between two spring-loaded tita-
nium electrodes, separated by an annular Kapton spacer of 13 ym
thickness that leaves an inner 14 mm diameter area filled with
the liquid."" This cell with Cg, = 105 pF is mounted onto the
cold stage of a Leybold RDK 6-320 closed-cycle helium refrig-
erator, with temperatures maintained by a Lakeshore Mod. 340
temperature controller. All measurements were performed on a
single sample that remained supercooled for the duration of all
the experiments reported here. Low field (linear response) dielec-
tric relaxation spectra, £*(w) = &' (w) — ie”’ (w), were recorded with
a Solartron SI-1260 gain/phase analyzer, equipped with a DM-
1360 transimpedance amplifier, applying electric fields not exceed-
ing 1.5 kV em™ (<2 V/13 um) for frequencies 2 x 107* Hz
<v<1x10°Hz

For the high-field structural recovery experiments in the mil-
lisecond regime, the field pattern E(t) = Ep + Ey sin (2mvot) is gen-
erated by a Stanford Research Systems Arbitrary Waveform Fre-
quency Generator (DS-345) and amplified by a Trek PZD-350
high-voltage unit. The bias field Ep is applied for ¢ > 0, and the peak
amplitude Ey of the sinusoidal component is set to 20% of Ep. Volt-
age V(1) across and current I(f) through the sample are recorded
with a Nicolet Sigma 100 Digital Oscilloscope Workstation using a
R = 3 kQ shunt and averaged over 5000 repetitions. The V(t) and
I(t) data are subject to Fourier analysis to determine the high bias
field dielectric loss "} for each period, resulting in a &';;(t) trace
with time resolution 1/vy. Details regarding setup and analysis can
be found elsewhere.”"”

For the measurement of slow recovery at a lower temperature,
the dielectric loss at a fixed frequency of vy = 400 Hz was acquired
with an Andeen-Hagerling AH-2700 Ultra Precision Capacitance
Bridge for a duration of 500 s. The sampling rate was one reading
every 4 s for the first 280 s and one every 12 s thereafter to increase
resolution regarding ¢”. A bias voltage of 100 V is derived from a
Keithley 6517 Electrometer and applied at ¢ = 0 to the sample using
the “DC BIAS” input of the AH-2700 in high-current mode with
series resistance Ry = 1 M(Q. With this series resistance, the time
constant with which the bias is established at the sample is Ry x &
x Cgeo = 9 ms and, thus, fast relative to the time resolution of the
data acquisition. Note that this method can as well be used for longer
aging times, and it is technically much simpler than the above setup
designed for ms resolution.

I1l. RESULTS AND DISCUSSION

The dielectric loss profiles of VEC for tempera-
tures T = 169-181 K are shown in Fig. 1, together with
Kohlrausch-Williams-Watts (KWW)!? or stretched exponential fits

ARTICLE pubs.aip.org/aip/jcp

102 MRRALLL BELELILLLLLL IR AL BEELELALLLLL BRI BN L B LY LA LLLL BRI
vinyl ethylene carbonate T=169 - 181 K (1K)

// W

10* 10 10° 10" 10° 10" 10° 10° 10* 10°

v/ Hz
FIG. 1. Low field (linear response) dielectric loss spectra, £”(v), of vinyl ethylene
carbonate for temperatures from 169 to 181 K in steps of 1 K. The KWW fits for

the lowest and highest temperatures are shown as solid lines, with the parameters
given in the respective legends. Lines for all other temperatures are guides only.
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with the parameters given in the legend in Fig. 1. The shape para-
meter, § = 0.757, appears to be temperature invariant, consistent
with time-temperature superposition within this temperature range,
across which tgww changes from 33.3 s at 169 K to 1.02 ms
at 181 K.

The peak loss frequencies vmax(T) derived in Fig. 1 have been
cast into Tmax = 1/(2Mvmax) Vs temperature, as depicted in Fig. 2,
with symbols and colors matching those in Fig. 1. In the present
range, the temperature dependence of Tmax is well represented by
the Vogel-Fulcher-Tammann (VFT) relation,"" '°

B
T-To

log,(Tmax/s) = A+ (2)
with A = -17.0, B = 695 K, and Ty = 131.6 K. Apart from a small
temperature mismatch, these findings are compatible with previous
results on VEC."" Regarding the peak time constant, these values
yield a glass transition at Ty = 168 K (where Tmax = 100 s) and a
fragility of m = 87, or strength parameter D = 12, as evaluated directly
from the VFT parameters A, B, and To.'” In the present context, an
important feature is that Trmax changes a factor of 30 000 (4.5 decades)
from 168 to 181 K, the two temperatures at which the high-field
structural recovery experiments are performed.

The high bias field experiment aims to employ the loss at a fixed
frequency v to monitor how the system approaches the new equi-
librium after perturbing it via the application of a high external bias
electric field. The net effect of a dc-field is an 1ncrease in peak time
constant Tmax, = leading to a reduction of &’ (w), provided that
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FIG. 2. Temperature dependence of Tmax = 1/(2mvmax) for vinyl ethylene carbonate,
with the values derived from the peak loss frequencies, vmax, in Fig. 1. The solid
line is a VFT fit with the parameters given in the legend. The values of T4 and m
are derived from the VFT parameters for 7max(T). From 169 to 181 K, the value of
Tmax changes by 3 x 10*; see gray bars.

Vo > Vmax as in the present experiments. As with temperature induced
aging, the change in Tmay is not instantaneous but rather follows the
slower approach of the fictive field to the actual one.”” The ampli-
tude of the resulting €’ (vy) change is a matter of temperature T,
frequency vy, and bias field amplitude Ez*. In order to compare
the structural recovery dynamics for T = 168 K, vy = 400 Hz, and
Eg = 77 kV cm™! with the one for T = 181 K, vy = 4 kHz, and
Ep = 127 kV cm™}, the traces are normalized according to

€"pi(t) = €"pi(0)
£”hi(0) _ S”h,‘(oo) >

where the subscript “hi” refers to the presence of the bias-field Ep.
This normalization eliminates the dependence on frequency vy and
bias field Ep and yields curves decaying from unity to zero regard-
less of the actual direction of change. In terms of the & norm (1),
the recovery dynamics at the two temperatures are compared in
Fig. 3. Because one expects the time scale of structural recovery
to change with temperature as the structural relaxation time is
derived from a linear response experiment, the time axis in Fig. 3
is normalized to the Tkww value (see Fig. 1) at the respective
temperature.

Itis evident from the two experimental datasets in Fig. 3 that the
dynamics of field-induced structural recovery are practically iden-
tical for the two temperatures, apart from a shift of the recovery
time constants Trec by a factor of 3 x 10* that matches the effect of
temperature on Txkww and Tmax. However, this identical temperature
effect on Tmax and rec does not imply that the two time constants are
absolutely identical.

In order to facilitate a comparison of Tmax and 7rc at a given
temperature, the loss peaks in Fig. 1 were fit with a time-domain
(KWW, stretched exponential) rather than frequency domain func-
tion, so that their dynamics are characterized by the two parameters

Sﬂnorm ( t) =

3)
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FIG. 3. Time dependent high-field loss, &’’1;(t), measured at frequency vy and
normalized to the value &’’;(0) recorded immediately after applying the dc field Eq
and to the long time limit, &”/;(o0). Triangles up and triangles down are for 181 and
169 K, respectively. Solid lines are guides only. The time axis is normalized to the
Txww Value of the corresponding temperature; see the legend. The dashed lines
indicate the behavior expected if aging occurred on the time scale of the structural
a-relaxation, using Eq. (4a) with 8 = 0.76.

xww and f. Because the nonlinear dielectric effect in Fig. 3 is
quadratic in Ej, the field-induced structural recovery based upon a
stretched exponential is expected to follow,'***

ghom o (t) oc (1 —exp I:—(t/Tkww)ﬁ])z (4a)

and
8"3}Zrm(f) o< (exp [_(t/TKWW)ﬁ])z (4b)

for the cases of applying (on) and removing (off) the field, respec-
tively. Using Eq. (4a) and the stretching parameter § = 0.76 for
the structural a-relaxation, the dashed line in Fig. 3 shows the
structural recovery dynamics that would be expected if identical
to the relaxation counterpart derived from linear response dielec-
tric data. Moreover, any field step, up or down, will lead to the
sample absorbing energy from the field, which results in a tran-
sient rise in the fictive temperature and, thus, a rise in &”(v) for
V0 > Vmax. Although this “heating” like feature can be modeled
quantitatively,” it will be demonstrated below that a multi field-
step experiment can reduce uncertainties regarding this correction
considerably.

Figure 4(a) depicts the bias field pattern used for an exper-
iment to access the dynamics of structural recovery. At time
t = 0, a field of magnitude Ez = 138 kV cm™ is applied, fol-
lowed after 22 ms by another step to Eg = 193 kV cm™Y, and
Ep drops to 138 kV cm™! again for t > 44 ms. The Ep levels
are designed to have two steps of the same magnitude regard-
ing Ez® to which the loss change is proportional. However, the
second step height is smaller than the first, leading to nearly neg-
ligible energy absorption effects for the transitions from Ep = 138
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FIG. 4. (a) Voltage bias, V3, applied to the vinyl ethylene carbonate sample at
T =181 K. (b) Relative dc-field induced change of the dielectric loss, &"4;, mea-
sured at v = 2 kHz with the applied bias voltage shown in panel (a). Green solid
diamonds are for the &’’;; values as observed; blue open diamonds represent the
calculated effect of elevated fictive temperatures due to energy absorption from
the field; and yellow circles are the “heating” corrected values. The red solid line is
the calculated response, assuming that aging progresses according to a stretched
exponential with 7xyw = 1.9 ms and 8 = 0.76.

to 193 kV cm™" and back. The solid green diamonds in Fig. 4(b)
show the field-induced relative change of €”(v) as observed. Open
blue diamonds represent the calculated “heating” effect, based on
a probability density, g(7p), of independent Debye modes with
time constant 7p,”**” each absorbing a time-dependent power p(t)
according to'”

p(t) = eovEIZ;Aei exp (—g)g(m)dn), (5)
D D

where ¢ is the permittivity of the vacuum and v is the sample
volume. The effective temperature change of each mode is deter-
mined by the energy absorbed, p(t) dt, and the heat capacity, ACc,
x g(tp)drp, where AC is the configurational contribution to the
glass-to-liquid heat capacity step. Open circles with a yellow interior
represent the relative change in &”j; after correction for the energy
absorption effects. For the transitions at 22 and 44 ms, this correc-
tion is almost negligible, whereas it is significant for the t = 0 step.
The corrected data representing the true structural recovery effect
(circles) is modeled by the squared stretched exponentials of Eq. (4),
with Egs. (4a) and (4b) capturing the response to the field up-step
and down-step, respectively.

It can be observed in Fig. 4 that the magnitudes of the
¢4 changes are the same for the Ep = 0-138 kV cm™ and Ep
= 138-193 kV c¢m™! transitions, about —1% each. This confirms
the expected quadratic field dependence of this nonlinear dielectric
effect. The red lines are stretched exponential fits to the response to
each field step, and all three curves are calculated with a common
parameter set, Tkww = 1.9 ms and f§ = 0.76. While accounting for the
quadratic field dependence via Eq. (4), a common KWW type time
dependence captures the asymmetry of the up vs down transitions.
Therefore, field-induced structural recovery in supercooled VEC is a
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factor of about two slower than linear response structural relaxation
in equilibrium with Txkww = 1.0 ms but reveals the same stretching
exponent f3. This behavior is maintained across the present tempera-
ture interval, 169-181 K, in which 7xww covers a range from 1.0 ms
to 33 s, i.e., a factor of 3 x 10*.

It should be noted that the common models of physical aging,
the Tool-Narayanaswamy-Moynihan (TNM)*** and the equiv-
alent Kovacs-Aklonis-Hutchinson-Ramos (KAHR)” approach,
assume the identity of structural relaxation (74) and structural recov-
ery (Trec) dynamics in this limit of very small perturbations. In the
present high bias field cases, Tmax had increased by about 1.5% rela-
tive to its low field limit, which is a small fraction of the difference
between recovery and relaxation time constants of 200%. These 1.5%
changes regarding Tmax are the equivalent of what a 15 mK tem-
perature down-jump would achieve. Based on actual temperature
jump induced aging experiments on VEC with AT between 10 and
100 mK, the present situation is safely within the limit of small
perturbation.’

One consequence of Tmax changing only 1.5% in the course
of the aging process is that changes in material time or fictive
temperature remain negligible, and fitting with a constant Trc
instead of using TNM or similar analysis tools is entirely justified.
An estimate shows that the difference between accounting for the
change in material time and disregarding it will not exceed the
width of the dashed line in Fig. 3 and is thus small compared with
experimental noise. Therefore, the factor of two separating struc-
tural relaxation (7q) from structural recovery (7rec) is robust and
not impacted by the present choice of analysis. One may wonder
whether 7. will approach 7, if the perturbation (field step ampli-
tude) is made smaller. If the electric field is kept significantly smaller
than about 100 kV cm™!, there will be no measurable change in
Tq in such a regime of linear response. Consequently, the system
would remain in equilibrium, no structural recovery would occur,
and 7rc would not be defined. In the comparison of enthalpy relax-
ation times for large and small temperature excursions AT, the time
constant would gradually approach the linear limit with AT — 0.”""'
In the present case, however, 7, is measured in equilibrium without
any change in thermodynamic potential, while 7r. is determined in
response to a change in the thermodynamic potential but within the
limit of a small change. Therefore, the two time constants refer to
distinct processes, and 7rec will not necessarily become 7, in the limit
of small perturbations.

The present finding of the factor of two between 7rec and 74
is material specific. Other supercooled liquids have been charac-
terized by high-field dielectric experiments regarding their ratio
P = Trec/To, albeit only in the regime of millisecond dynamics.
The values reported thus far are p = 1.0 for propylene glycol,*”
p = 1.4 for glycerol,® p = 1.5 for cresolphthalein dimethylether,*’
p = 2.0 for N-methyl-¢-caprolactam,”” p = 1.9 for the present case
of VEC, and p = 3.0 for 2-methyltetrahydrofuran.® These numbers
suggest that structural recovery is linked more closely to the time
scale of rate-exchange”” than to structural relaxation,”*"" where
rate-exchange refers to the fluctuations of time constants in equilib-
rium.*> Moreover, the standard assumption made when modeling
physical aging or differential scanning calorimetry, i.e., that the
dynamics of structural recovery (rec) and structural relaxation in
equilibrium (a-process, 74) are identical, is not consistent with the
observations of Trec > Ta.
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IV. SUMMARY AND CONCLUSIONS

Structural recovery dynamics in response to steps in the exter-
nal electric field have been measured for vinyl ethylene carbonate at
two temperatures, T = 169 K and T = 181 K, at which the respective
peak relaxation time constants Tmax are 38 s and 1.2 ms, i.e., sepa-
rated by 4.5 decades. It is found that structural recovery, i.e., physical
aging in the limit of small perturbations, is slower than struc-
tural relaxation dynamics as derived from linear-response dielectric
relaxation spectroscopy. If compared on the basis of stretched expo-
nential behavior, structural recovery follows a KWW type decay of

the form ocexp I:—(t/ZTa)ﬁ:I, where 7, and f3 are the KWW para-

meters describing the structural relaxation in equilibrium. This
material specific factor of about two regarding the characteristic
time constants remains unchanged across the present temperature
range, Ty + 1 K to Ty + 23 K. This result facilitates a future com-
parison between field and temperature induced structural recovery.
The two processes are not necessarily expected to be identical, as a
temperature change leaves the liquid in an isotropic state, whereas
external electric fields impose anisotropy on polar liquids.
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