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CONDENSED MATTER PHYSICS

Fast equilibration mechanisms in disordered materials
mediated by slow liquid dynamics

Zijian Songt, Cristian Rodriguez-Tinocot#, Allen Mathew, Simone Napolitano*

The rate at which a nonequilibrium system decreases its free energy is commonly ascribed to molecular relax-
ation processes, arising from spontaneous rearrangements at the microscopic scale. While equilibration of liquids
usually requires density fluctuations at time scales quickly diverging upon cooling, growing experimental evi-
dence indicates the presence of a different, alternative pathway of weaker temperature dependence. Such equil-
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ibration processes exhibit a temperature-invariant activation energy, on the order of 100 kJ mol™". Here, we
identify the underlying molecular process responsible for this class of Arrhenius equilibration mechanisms with a
slow mode (SAP), universally observed in the liquid dynamics of thin films. The SAP, which we show is intimately
connected to high-temperature flow, can efficiently drive melts and glasses toward more stable, less energet-
ic states. Our results show that measurements of liquid dynamics can be used to predict the equilibration rate in

the glassy state.

INTRODUCTION

The properties of a collection of objects at thermodynamic equilib-
rium do not change with time. Experience tells us that such obser-
vation is, however, rarely encountered in nature. The transformation
of buds into flowers and then fruits, the rearrangements of plates on
the surface of planets, and even the whole human body over its life-
time are just a few, among the many, examples of systems far from
thermodynamic equilibrium.

At the molecular level, equilibration kinetics—the time evolution
of a system’s properties toward a less energetic state—are intimately
coupled to molecular motion. In line with the Onsager’s regression
hypothesis (1), the macroscopic relaxation of a nonequilibrium sys-
tem (dissipation) obeys the same laws of molecular dynamics in
equilibrium conditions (spontaneous microscopic fluctuations).
Under such framework, albeit often separated by several orders of
magnitude, the rates of macroscopic [equilibration kinetics (t;ql)]
and microscopic [molecular motion (t;i)l )] processes are strongly
correlated and share the same activation energy (=Rolnt/dT ", where
R is the gas constant), that is, feq/tmol = ¢, Where c is a temperature-
independent constant (2, 3). On the basis of the latter relation, con-
trolling the equilibration rate—either toward a global or a local
minimum in free energy—requires identifying the molecular mech-
anism that is coupled to the macroscopic equilibration and its
efficiency, c.

Equilibration of polymer melts, and, in general, of supercooled
liquids, typically follows the structural (segmental, o-) relaxation.
This molecular process exhibits a super-Arrhenius temperature de-
pendence (4) expressed by an activation energy which increases
upon cooling. Examples of this type of equilibration kinetics are the
formation of crystals (5), the relaxation of nonequilibrium confor-
mations in polymer melts [reptation (6) and Fischer modes (7)], and,
in nanoconfined systems, the recovery of bulk behavior mediated
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by interfacial layers (2, 8). The physics of such processes is described
by density fluctuations occurring within molecular clusters growing
upon cooling (9, 10).

Although the super-Arrhenius mechanism is a universal signa-
ture linking the equilibrium and the nonequilibrium liquid state,
current equilibration frameworks—based on the segmental relax-
ation only—cannot explain how materials can also fast-equilibrate
(days and weeks) when held below the glass transition temperature
(11-14), Ty, a regime where the conventional structural pathway
would require geological times. In this regard, an increasing num-
ber of experimental observations hint at the presence of a different
equilibration pathway, active from well above to well below Tg, with
a temperature-invariant activation energy, Ex ~ 100 kJ mol .

The presence of these anomalous Arrhenius equilibration mech-
anisms in the liquid state was, for example, reported by probing the
crystal growth rate of small molecules (15, 16), the rheological be-
havior of polymer melts in bulk and upon confinement at the
nanoscale level (17, 18), and the desorption and the adsorption of
macromolecules on solid substrates, both in silico (19) and on real
surfaces (20). Understanding the nature of these unusual equilibra-
tion processes has strong implications. In the design of new mate-
rials and their fabrication protocols, a better control of properties is
achieved by identifying those conditions favoring mechanisms of
weaker temperature dependence (21). Moreover, as most raw and
processed amorphous materials are stored in the glassy state, the
shelf time of these systems is affected by potential equilibration
through this alternative pathway.

On the basis of Onsager’s regression hypothesis, a molecular
mechanism whose activation energy matches that of these macro-
scopically observed Arrhenius equilibration processes should exist.
Considering their weak temperature dependence and their rele-
vance below Tg, possible candidates could be the so-called second-
ary relaxation processes (B-, Y-, ...), characteristic of the glassy state
and attributed to localized motion of a small number of atoms. Un-
til now, the search for this elusive molecular process has, however,
been unfruitful. No known relaxation process in the glassy state fits
the requirements.

Here, we provide direct experimental evidence on the universal
occurrence of slow Arrhenius processes (SAPs) in the liquid dynamics.
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For each system investigated, the molecular (SAP) and the equili-
bration processes share the same activation energy, which hint at a
common molecular origin. We demonstrate that, independently of
the chemical nature, measurements of molecular mobility within
the liquid predict the equilibration of systems in the glassy state.

RESULTS

Experimental observation of SAPs in the dielectric response
of the liquid state

In Fig. 1, we show the three-dimensional (3D) plot of the dielectric
loss (¢” versus logf versus T) of a 76-nm-thin spin-coated film of
polycarbonate (PC), together with isothermal spectra at a tempera-
ture well above the glass transition of the system. The time scale of
molecular motion is straightforwardly determined by the maxima (22)
of the frequency peaks (fmax) through the relation tp = (anmax)_l;
see Materials and Methods for further information on data analysis.
A relaxation map (logtmol versus T!) with the characteristic time of
the two molecular processes is provided in Fig. 2A. The a-relaxation,
associated with segmental motion, moves through the whole frequency
range within just 30 K; this feature indicates a high value of thermal
activation energy (>400 kJ mol™). A second peak of lower but con-
stant activation energy ( ~ 90 kJ mol™), crossing the o-relaxation at
temperatures above T, (around 0.1 to 100 Hz, corresponding to the
107 to 1 ms of time window), is visible over a much larger tempera-
ture range (>100 K).

Differently from what is observed for secondary processes, the
activation energy and the intensity of the slower peak do not seem
affected by the proximity to the a-process. Furthermore, in the fre-
quency domain, this peak is sharper (full width at half height =
1.1 decades) than the o-relaxation (2.5 decades) and, by far, less broad
than secondary relaxations in the glassy state [the B-relaxation of
PC (23) extends for more than 5 decades and has an activation
energy ~30 kJ mol ™.

Within experimental uncertainties, this SAP can be associated
to the spectral response of a molecular mechanism with a single
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relaxation time, ~(1 + 2mftyo)) ', corresponding to a simple expo-
nential decay in the time domain, exp( — ¢/ tmol)BKWW, with Bxww = 1.
Debye associated such sharp peaks to the dielectric response of a gas
of dipole moments, corresponding to an ensemble of noninteract-
ing identical relaxation units (24, 25).

Processes with the same characteristics that we ascribe to the
SAP (constant activation energy, Bxww ~ 1, crossing the o-process
above T,) were observed for all the other investigated polymer sys-
tems; see Fig. 2, where we plot the relaxation maps of nine different
polymers [see fig. S1 for further examples of isothermal dielectric
spectra, fig. S2 (B to I) for the 3D plots of the systems, fig. S3 for a
statistical analysis of Bxww of the SAP, and fig. S4 for the relaxation
maps of a larger selection of polymers]. For polystyrene (PS), SAPs
with the same activation energy that we found in spin-coated thin
samples were also observed in the dynamics of bulk melt samples;
the results from this work are plotted together with our own results
in the figure (see Fig. 2C) (26).

By analyzing pol?fmer chains of different molecular weight (from
43 to 6000 kg mol™") and films of different thickness (4 = 7 nm to
100 um), we verified that this process is also present in bulk melts
(h > 200 nm) and that the activation energy and the characteristic
molecular time of the SAPs (see figs. S5 and S6) are not affected by
either the macromolecular or the sample size. This feature permitted
us to discriminate between possible classes of relaxation mechanisms
and to discard diffusion-limited processes (27), nucleation-driven
processes (28), and polymer-specific modes (29), whose character-
istic time would, instead, change with film thickness and molecu-
lar weight.

Furthermore, as the position of the SAP peaks is invariant with
sample size even in those cases where the a-process shifts upon con-
finement (see, for example, PC and P4CIS poly(4-chlorostyrene) in
Fig. 2), we conclude that the SAPs are related to a genuine molecu-
lar mechanism, totally decoupled from that of segmental motion in
proximity of the glass transition. On the other hand, we note that
the intensity of the SAP process decreases upon confinement (see
tig. S7), following the same scaling commonly observed for the

Fig. 1. Experimental signature of slow processes in the liquid state. (Left) 3D plot of the dielectric loss (free from conductivity; see below) of a 76-nm film of PC, as a
function of temperature and frequency. Relaxation processes appear as peaks shifting toward higher frequency with increasing temperature. Using a model-free ap-
proach, the maximum of the relaxation peaks (fmax) provides the characteristic time of the molecular process, via the relation tyo = (2nfrma) . The segmental dynamics
(process more parallel to frequency axis) crosses the SAP around 0.1 Hz and 155°C. (Right) Isothermal spectrum of the dielectric loss at 169°C; the contribution of conduc-
tivity (black line in the inset) was removed for clarity. Two distinct peaks are present, the segmental process (green line) and the SAP (red solid line) at lower frequencies.
The latter can be fitted to a symmetric peak, corresponding to a stretching exponent Bxww = 0.9; a peak with Bxww = 1.0 (red dashed line) is also plotted for comparison.
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Fig. 2. Relaxation and equilibration maps. (A to I) To ease visual comparison, we converted equilibration rates into times. For each system, the logarithm of the molec-
ular times (tmo1) on the left axes and the logarithm of the equilibration times (t.q) on the right axes are given as a function of the inverse temperature. This representation
provides a direct access to the activation energy of the processes (=R3Int/dT ', where R is the gas constant). For each polymer, we identify two molecular processes, the
segmental relaxation (white symbols) and the SAP (red symbols): Squares were used for bulk samples of >200 nm and circles for thin films (20 nm thin for PC and 7 nm
thin for PACIS); for PS, we also show the time scale of a similar molecular process present in bulk melts (triangles; C) (26). Segmental relaxation times of PVAc (polyvinyl
acetate) are from (55) and of poly(4-tertbutyl styrene) (PTBS) from (73). Equilibration data are indicated with blue symbols [stars for adsorption; circles for physical aging
of PC (56), polystyrene (PS) (13, 57), poly(methyl methacrylate) (PMMA) (35), and poly(4-tertbutyl styrene) (PTBS) (74); squares for dewetting of PS (18); inversed triangles
for reentanglement kinetics of polyisobutadiene (PIB) (30); and diamonds for dynamic shear moduli of PIB (30)]. The dashed blue curve in (G) indicate the best fit to Eq. 1

with ¢ = 107 and cspp = 107>2. PEMA, poly(ethyl methacrylate).

a-relaxation, ~h ™", As the peak intensity is a direct measurement of
the number of units involved in the relaxation process (2), we find
that both processes originate from the same volume fraction of
molecules. These experiments permitted us to verify that a molecu-
lar process matching the features required for the Arrhenius pro-
cesses observed in the equilibration of polymer melts is universally
observed in the relaxation dynamics of thin polymer films.

Exploring the relation between the SAP

and equilibration processes

We now proceed to a quantitative analysis by comparing the activa-
tion energy of the SAP (Esup) to that of the macroscopic response of
nonequilibrated polymer melts (E5). We start with polyisobutadi-
ene (PIB), whose macroscopic nonequilibrium dynamics was inves-
tigated via rheological measurements (30). Application of shear
induces partial disentanglement of the polymer chains that persists
for a short time after removing the shear. This nonequilibrium kinetics
follows the process of reentanglement, although it takes places on
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much shorter time scales. In Fig. 2H, we plotted the reentanglement
rate for bulk melts of PIB together with the relaxation time of the
SAP observed in the microscopic dynamics of the same polymer,
measured at different temperatures. Same as for the other polymers,
molecular and equilibration times were plotted on a logarithmic
scale, as a function of the inverse temperature; such representation
provides a direct access to the activation energy of the processes.
Both datasets can be described by linear trends of identical slope,
which confirms that the macroscopic nonequilibrium kinetics
has the same activation energy (Esap = 80 £ 10 k] mol ™!, Ex=82 +
15 kJ mol™")—and, hence, the same molecular origin—of the SAP.
While these correlations are notable, more cases should be consid-
ered to ensure the universality of the trend.

We searched for similar reports in bulk melts, but the current
literature lacks studies over a broad temperature range permitting
to extract the value of Ea. Nevertheless, considering the thin poly-
mer films prepared by spin-coating permitted us to extend our
analysis to a larger number of different molecules and to further
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verify the intimate correlation between equilibration kinetics and
SAPs. Thin spin-coated films are, in fact, an archetypical system to
investigate nonequilibrium effects (31). The fast-processing condi-
tions used—spin-coated layers are obtained within few tens of sec-
onds upon rapid evaporation of diluted polymer solutions—induce
persistent mechanical stresses and retard the formation of entan-
gled polymer networks as dense as in bulk melts (32). Recovery of
equilibrium conditions in these nanolayers has been largely investi-
gated via nanorheological measurements (viscoelastic dewetting)
(17) and by monitoring the evolution of interfacial properties (irre-
versible adsorption) (2, 3, 33). We exploited these studies to investi-
gate equilibration phenomena over a larger number of polymers.
In Fig. 2, we plot the SAP relaxation times (left axis) and the
value of the equilibration times (right axis) independently mea-
sured in macroscopic experiments, over a large temperature range
(see fig. S4 for the relaxation/equilibration maps of other polymers
and table S2 for a full list of the equilibration processes used in our
analysis and their activation energies). For the different polymer
systems investigated, within the experimental uncertainties, the ac-
tivation energy of the macroscopic kinetics matches that of the SAP
(see Fig. 3), as noted above for bulk melts of PIB. The universal char-
acter of these trends is further confirmed by previous work, highlight-
ing a correlation between the activation energy of nanorheological
measurements and that of several other equilibration mechanisms in
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Fig. 3. Correlation between the activation energy of equilibration processes
and that of the SAP. The activation energy of several equilibration processes (see
Fig.2 and table S2), is plotted as a function of the activation energy of the SAP (pink
triangles); the solid line is the linear function of slope 1 and intercept 0. Inset: Values
of activation energy—of both molecular and equilibration processes—as a func-
tion of the glass transition temperature; the black dashed line and the green shaded
zone represent the expected trend for the mean value and the spread of the
high-temperature limit of the activation energy of structural relaxation as a func-
tion of Ty, respectively (see the Supplementary Materials). White stars indicate the
activation energy of flow for polymer melts at 7q + 150 K (58); red squares indicate
the activation energy of the SAP in polymers; the red triangle indicates the activa-
tion energy of a slow process resembling the SAP, observed by both mechanical
and dielectric spectroscopy in ethylcyclohexane (47); blue inverted triangles corre-
spond to equilibration processes—surface smoothening and crystallization—of
small organic molecules (75); and blue hexagons correspond to the mechanical
response of metallic glasses (42).
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thin films of polystyrene (18), the most investigated system. It is
clear that different equilibration mechanisms share a common
molecular origin. Here, we identify such an underlying molecular
process with the SAP.

DISCUSSION
On the basis of our experimental findings and in line with recent
literature (34), we draw a scenario in which two relaxation processes
coexist in the liquid state: one cooperative mechanism (segmental
mobility, associated to the well-known a-relaxation) involving re-
gions of growing length scale upon cooling and another mechanism
(SAP) not requiring interaction among relaxing units. Both seg-
mental and Arrhenius processes contribute to the equilibration of
the melt, with efficiencies depending on the molecular rearrange-
ments through which free energy is minimized. As in the case of
kinetics proceeding via multiple dynamical pathways, according to
our scenario, the overall equilibration rate is given by
1 CSAP _ Ca
Ty = Tsar T 1)

where ts5p and 1, indicate the most probable relaxation times of the
SAP and the structural (o-)process, respectively. This relation im-
plies that equilibration does not trivially proceed via the fastest mo-
lecular process. Efficiency, a quantity inversely proportional to the
number of molecular times necessary to equilibrate, should also be
considered. Equation 1 can describe different equilibration scenarios
both in the liquid and in the glassy state. In particular, for cgap/cq <
TsaP/Ta, We get feq ~ Tg, that is, equilibration predominantly follows
the conventional structural relaxation; for csap/cy => Tsap/Ty, @ cON-
dition that can occur also at T > Ty, equilibration is, instead, driven by
the SAP. Regardless of the relative efficiency of the two molecular
processes, equilibration at sufficiently low temperatures, where 1,
becomes much greater than tgap, e.g., in the glassy state, does strictly
follow the activation energy of the SAP in the melt. The SAP should,
hence, be responsible for the fast equilibration mechanisms observed
in the glassy state.

This idea is in line with the outcome of our results on the equili-
bration of poly(tertbutyl methacrylate) (PTBMA) (see Fig. 2G). It is
remarkable how the presence of the SAP permits the formation of
an equilibrated interfacial layer 30 K below T, within just 1 month,
while at the same temperature equilibration through the structural
process would require geological times (>10"! years). A similar trend
is observed for the physical aging of poly(4-tertbutyl styrene) (PTBS)
(14), PS (13), and poly(methyl methacrylate) (PMMA) (35), where
structural recovery (densification) below T, proceeds with the same
temperature dependence of the SAP (see Fig. 2D). As emphasized
above, these results show that measurements of molecular dynamics
at temperatures above the glass transition can predict the activation
energy of the equilibration processes in the glassy state.

We remark, however, that observing such condition might re-
quire performing experiments down to sufficiently low tempera-
tures well below T,;. While the SAP is characterized by one single
relaxation time, the structural o-relaxation span over a much larger
distribution in relaxation times. Because of the latter condition (not
considered in the simple form of Eq. 1), the transition from the
super-Arrhenius to the Arrhenius equilibration mechanism can
spread over a large temperature window. Analysis of the relaxation/
equilibration maps of Fig. 2 shows that PTBMA and PS already
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reach the SAP-dominated regime at T, — 10 K [here, we considered
To(Tg) = 100 s]. For PTBS and PMMA, this condition is reached
only at Ty — 25 K, meaning after a further temperature drop by
~15 K. In the case of PC, for which aging measurements are avail-
able down to Ty — 20 K, we could not find clear evidence of the
Arrhenius region in the glassy state.

On the basis of the strong connections highlighted in the previ-
ous sections and on the notable correlation between the activa-
tion energies of the macroscopic equilibration mechanisms, E, and
of the SAP, Esap (see Figs. 2 and 3), we anticipate a discussion on
the molecular origin of the SAP. We discard any hypothesis related
to mechanisms involving secondary processes of the glassy state
(=B, =Y, ...). Above T, secondary relaxations tend to speed up and
eventually disappear before reaching temperatures where their char-
acteristic time would exceed that of segmental motion. In addition
to that, SAPs are more highly activated than secondary relaxations,
e.g., for PMMA (36), Esap = 1.6Eg = 3.3E, (see also the discussion
on the results in the inset of Fig. 3, later in the text).

Our investigation shows that SAPs are characterized by two pe-
culiar features—extremely sharp relaxation peaks and constant ac-
tivation energy—typical of the dynamic response of a liquid at very
high temperatures (>1.3 to 1.4 Tj). In this low-viscosity (=1 Pas)
regime, differently than in the case of ultraviscous liquids approach-
ing Ty (>1 GPa s), the dynamics is purely exponential—that is, they
are described by a single relaxation time as for SAPs—and nonco-
operative, meaning that they are associated with a temperature-
independent activation energy. We thus considered whether SAPs
are the manifestation of an ensemble of molecules where relaxation
is facilitated with a lack of local constraints, such that molecular
rearrangements do not require cooperative motion, such as those at
the origin of flow at high temperature. Such relaxation modes should
not depend on structure, which would ensure a constant activation
energy, regardless of the thermodynamic state (temperature and
pressure) of the system.

These hypotheses imply that the SAP and, hence, the mechanisms
permitting fast equilibration in the glassy state should resemble seg-
mental mobility in the limit of high temperatures. Our reasoning is
verified by the observation that Egyp and Ex match with the expected
high-temperature values of the activation energy of the structural
process (see the inset of Fig. 3), as quantified by empirical correla-
tions based on Ty (see the Supplementary Materials for derivation).
The spread on the data is related to the varying sensitivity to vitrifi-
cation, quantified in terms of dynamic fragility (shaded green zone;
see the Supplementary Materials): At equal Tg, stronger liquids are
expected to have a higher activation energy (37). We stress that such
trend is different than the scaling proposed for secondary relax-
ations, where either no correlation or a linear relation with T is, in-
stead, observed (38). For comparison, we added to Fig. 3 the expected
scaling of the upper value of the activation energy of secondary pro-
cesses (green dashed line).

While the experimental results collected so far (identified by fea-
tures in the dielectric spectra) do not permit providing a mechanistic
picture of the molecular rearrangements inducing the SAP, we can
extract useful information by analyzing the impact of nanoscopic
confinement. The SAP molecular time is invariant upon thickness
reduction also in systems where confinement sped up the structural
process (see P4CIS and PC in Fig. 2). These findings suggest that the
relaxing unit of the SAP is smaller than that of the structural process
(1 to 4 nm) and that the former is less (or not at all) sensitive to
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changes in the structure [density (39) and local order (40)] imposed
by interfaces.

Last, we emphasize that our discussion does not invoke the mac-
romolecular nature of polymers—tgap is insensitive to molecular
weight—and the intimate relationship between equilibration and
SAP should hold independently on the chemical nature of the non-
equilibrium system. SAPs have been observed, both via dielectric
and mechanical spectroscopy, in a family of 13 small molecules
whose structure includes the cyclohexyl group (41). The process
was associated to an intramolecular transition involving a change in
dipole moment. While further investigation is necessary, we verified
that the activation energy observed in equilibration mechanisms of
nonpolymeric systems—such as the surface diffusion (< Tg) and
crystal growth (> Tg) of small organic molecules (15, 16) and the
mechanical response (< Ty) of bulk glassy metals (42)—follows the
same trend that we found for spin-coated polymer films (see inset
of Fig. 3).

MATERIALS AND METHODS

Dielectric measurements

Broadband dielectric spectroscopy (BDS) measurements (43) were
performed using nanocapacitors (44), consisting of polymer films
(dielectric medium) sandwiched between two aluminum electrodes
(see fig. S1). The lower electrode consists of thermally evaporated
aluminum layers (Sigma-Aldrich; purity level higher than 99.9%,
thickness =~ 50 nm) deposited onto circular glass substrates. Depo-
sition is performed at stable evaporation rate (=10 nm s™"), which
provided a constant roughness (=2 nm). The dielectric films (see table S1)
were directly spin-coated onto the lower electrode from a solution
of the polymer in chloroform or toluene (according to the solubility
characteristics of each material). Before deposition, the solution was
processed by pressing through 0.4-pm polytetrafluoroethylene filters.
Samples were spin-coated at a constant spinning rate (3000 rpm).
Tests on P4CIS, a polymer whose dynamics is particularly sensitive
to changes in the specific volume (3, 45) and preparation conditions
(46-48), revealed that the spinning rate does not affect molecu-
lar dynamics.

To control the spin-coated film thickness, d, we used polymer
concentration ranging between 0.5 and 5%. After spin-coating, the
polymer films were held for >10* times the segmental time at 10 K
above bulk T (corresponding to the temperature at which, for bulk
samples, the segmental time reaches 100 s). Next, the upper surfaces
of the films were coated with an additional 50-nm aluminum layer,
serving as the upper electrode (fig. S1). Film thickness was calculated
from the measured capacitance at room temperature in an approx-
imation of parallel plate geometry, C.. = €..&¢ (S/d), where C., and
€. indicate the capacitance of the film and the dielectric constant
of the polymer €., respectively, in the absence of polarization pro-
cesses (T << Ty) and high frequencies; € is the vacuum permittivity
(8.85x 1072 Fm™); and S corresponds to the surface area of the
electrodes, which is measured by optical microscopy (typically
around 4 x 107° m?).

Complex capacitances were measured in isothermal condi-
tions as a function of the frequency, f, of the electric field in he-
lium environment, using an impedance analyzer (ModuLab XM
MTS, Solartron Analytical). Dielectric spectra were obtained from
measurements of the capacitance, considering the relaxation

e(f) = C(Ndey 'S7M.
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To extract quantitative information, the isothermal dielectric
spectra were analyzed as the sum of the different contributions, in-
cluding an empirical Havriliak-Negami (HN) (49) function for the
segmental process and a Cole-Cole (43) function for the SAP

Ag, Agsap ic
ge(w)=¢€. + . .
(@) (1 + (iotm) ™™o 1+ (i0T5ap) ™ go0" @
1
_ . APNT N AN bHN |
To = THN [smi2 T 2bin [31n42 2 b (3)

where o = 27tf; €., is the dielectric constant; Ty is HN time; Agy is
the dielectric strength is of the segmental (a-)process; apn and by
are the shape parameters related to the width and the asymmetry of
the alpha-peak, respectively; Agsap is the dielectric strength of the
SAP; agap = 1 (see further discussion in the Supplementary Materials
and fig. S3); o is the conductivity; and n < 1. On the high-frequency
side of the experimental window, an extra peak shows that negli-
gible temperature dependence is commonly detected in thin-film
nanocapacitor geometry. Such peak, easily modeled with a Debye
contribution, is an electronic artifact arising from the parasitic resistor-
capacitor (RC) circuit due to nonnegligible resistance of metallic
contacts (50). Differently than the SAP, the parasitic peak is tem-
perature independent (zero activation energy) but moves upon
confinement toward the low-frequency side, as the frequency of the
maximum of this peak, ~RC, decreases upon thickness reduction
(C~d ™). Examples of deconvolution of the dielectric spectra accord-
ing to the sum of the abovementioned contributions are shown
in fig. S1.

Determination of the adsorption rate via ellipsometry

The polymer solution, prepared in a similar way as for BDS mea-
surements, were spin-coated on top of clean silicon wafers (Si <100>
covered by a native oxide layer, =2 nm), previously rinsed with ac-
etone, followed by isopropanol, and finally toluene to remove surface
contaminants. Our samples are spin-coated at a constant spinning
rate (3000 rpm). The thickness of the layer is controlled through
polymer concentration and set to a range between 200 and 500 nm
to ensure bulk conditions (>7 R;) (51). Spin-coated wafers were
then cut into pieces of approximately 1 cm” and annealed on a hot
plate at controlled temperatures for different annealing times to
trigger the adsorption of polymer chains onto the substrate surface.
After annealing, the excess polymer (unadsorbed chains) is washed
off with the same solvent used to prepare the spin-coated solutions,
following Guiselin’s experiment (52). The procedure exposes the
adsorbed layers to the environment.

The thickness of the adsorbed layers was determined immedi-
ately after the abovementioned procedure, via ellipsometry. We re-
corded the ellipsometry angles ¥ and A at wavelengths A between
430 and 850 nm and fitted them to a model considering bulk optical
properties, consisting of air/polymer/oxide/substrate. The thick-
ness of silicon oxide layer is measured in the used wafers before
deposition of the organic layer. This value is introduced in the opti-
cal model as a fixed parameter, which permits to increase the accu-
racy in the determination of the polymer-adsorbed layer thickness.
During the fitting, the density of the adsorbed layer is considered to
be the same as in bulk, an approximation (<5%) validated by previ-
ous work (53, 54). Typical values of adsorbed layer thickness, 45,
range between 2 and 15 nm (<Ry).
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To determine the adsorption rate, we considered that, at short
times, the kinetics of irreversible adsorption at the interface between
polymer layer and substrate proceeds via two consecutive regimes
(20, 51). The first regime, taking place at short times, corresponds to
a zero-order reaction mechanism, whose velocity (9h,¢s/9t) is pro-
portional to the adsorption rate. Further information on the adsorp-
tion kinetics is given in the Supplementary Materials.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm7154
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