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The glass transition is marked by arapid increase in the barriers for

molecular rearrangement, and this leads to the vitrification of supercooled
liquids. Recent theories suggested that at low temperature, molecular
rearrangements generate elastic stresses that dissipate through the
surrounding material and add a non-local contribution to relaxation
barriers. However, it is difficult to experimentally measure this elastic
contribution. Here we measure the elastic barriers by investigating

the transformation of vapour-deposited stable glasses, influenced by
distant boundaries of varying elasticity. Rigid boundaries preserve bulk
super-Arrhenius dynamics in which both relaxation times and barriers
increase on supercooling. By contrast, distant soft boundaries facilitate fast
Arrhenius relaxations—even below the glass transition temperature—by
allowing faraway stress dissipation. As such, the constant soft-substrate

barrier is attributed to local interactions, whereas the differences between
barriers on soft and rigid boundaries arise from non-local elastic barriers.
Our results show that the rapid dynamical slowdown and vitrification of
supercooled liquids are governed by the emergence and growth of elastic
barriers, and provide a direct experimental basis for elasticity-based
descriptions of the glass transition.

Theglasstransition, where asupercooled liquid (SCL) abruptly falls out
of equilibriumat the glass transition temperature (), isaccompanied
by arapid non-Arrhenius increase in structural relaxation time (z,).
This meansthat the activation energies for structural relaxation grow
rapidly within a small temperature range. The microscopic origin of
this dramatic slowdown in dynamics remains an open question. Recent
theories suggest that on supercooling, local rearrangements generate
stress fields, which must be dissipated by a viscoelastic response from
the dense surrounding medium'™, giving rise to additional barriers
to molecular relaxation. These elasticity-induced barriers with their
long-range effects add to the ‘local’ barriers, imposed by intermo-
lecular interactions. It has been suggested that the ‘non-local elastic’
barriers, which grow with the decreasing compliance of the material

on cooling, are critical in glass vitrification. However, distinguishing
the influence of elasticity from that of other factors, such as growing
cooperative rearrangements, to measure the size of non-local elastic
barriers, remains a major experimental challenge.
Thenon-Arrheniusrelaxation dynamicsin SCLs are accompanied
byapronouncedincrease in the dynamic heterogeneity between neigh-
bouring domains’”’. A key theoretical framework for understanding
dynamic heterogeneity is kinetic facilitation (KF) inwhich local mobil-
ityisinfluenced and, thus, triggered by that of neighbouring regions'*".
KFisbelieved to be predominantly local, with aregion’s mobility influ-
encingthat of the nearest neighbours or within the range of intermolec-
ularinteraction potential'>'>**, However, recent computational studies
suggest that elasticity can influence rearrangements over greater
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distances, potentially mediating KF beyond local interactions>*". In
simulations of three-dimensional metallic glasses, mobile regions were
observed to coexist with rigid elastic domains. The percolation of the
elastic domains on decreasing temperature resulted in vitrification'®.

Althoughdirect experimental measurements of elasticity-induced
KF are not available to the best of our knowledge, it has been shown that
thelocal T,of polymer glasses in contact with low-modulus rubbery pol-
ymers isreduced as far as 200 nm away from the interface'®, However,
these effects have mostly been observed for high-molecular-weight
polymers (M,,> 650 kg mol™), which have to be annealed to form a
gradually varying interfacial layer, before the effects are apparent' .

Stable glasses (SGs), which are prepared by physical vapour depo-
sition (PVD)**?, offer a unique opportunity to probe local relaxation
dynamics. On heating, SGs transform through kinetically facilitated
transformation fronts?* %, By contrast, transformation can occur
homogeneously throughout aliquid-quenched glass (LQG). The front
transformation in SGsis governed by local relaxation dynamics at the
advancing interface, with a driving force that is governed by the dis-
tance from equilibrium at the measurement temperature® 25,

We have recently demonstrated that SG stability is affected up
to ~-170 nm away, when deposited on a soft substrate?, providing
indirectevidence for theimportance of elasticity in relaxation dynam-
ics. Here we study SG transformation kinetics on substrates with
varying elasticity to directly measure the influence of elasticity
on the size and the temperature dependence of barriers to rear-
rangement in molecular glasses. To eliminate direct interfacial
effects, we designed a ‘buried’ SG/LQG interface in bilayer films
of N, N'-bis(3-methylphenyl)-N, N'-diphenylbenzidine (TPD), with
50-nm-thick LQG layers separating 130-nm-thick SG layers from sub-
strates of varying elasticity. To measure the transformation kinetics of
thisinterface, we used spectroscopic ellipsometry (SE) to monitor the
evolution of the SG/LQG interface position during isothermal anneal-
ing. We demonstrate that a ‘soft boundary’, aninterface with amaterial
of low elastic modulus, strongly enhances relaxation dynamics more
than100 nm away, far exceeding the range of TPD’s local van der Waals
intermolecularinteractions. By performing experiments over abroad
temperature range and prolonged timescales, we observe bulk-like
non-Arrhenius dynamics (growing relaxationbarriers) inthe presence
of arigid boundary, whereas we see Arrhenius dynamics (nearly con-
stantbarriers) withasoft boundary. Using these data, we estimate the
contribution of the non-local elastic barriers to the relaxation dynamics
and show that it increases on cooling. The elastic barrier component
exceeds that oflocal interactions just below T,. These findings identify
elasticity as a key origin for non-Arrhenius dynamics in molecular
glasses and highlight its role in glass vitrification.

Bilayer geometry design to investigate how
elasticity affects KF
We hypothesize that the elastic nature of the boundary, even if it is
located far away, can kinetically facilitate the relaxation dynamics in
glasses, by allowing stress dissipation through the boundary (Fig.1). To
probe this elasticity-induced KF, we prepared a transforming interface
withinvariantlocal relaxations.SG (130 nm)/LQG (50 nm) bilayer films
of TPD (Young’s modulus of £=7 GPa (ref. 29)) were prepared through
PVD. These films were deposited on three substrates with different elas-
tic moduli: bare silicon (E= 75 GPa (ref. 18), denoted as rigid), a silicon
wafer covered with a5-nm-thick polydimethylsiloxane (PDMS) rubber
film cured at 383 K (£ = 4.8 MPa, semi-soft) and another with the 5-nm
PDMS cured at 295 K (E = 3.9 MPa, soft)?’. Sample preparation details
can be found in Methods. The measured T, values of the LQG layer on
bothrigid and soft substrates were identical (7,=329 +1Kat10 K min™;
Extended DataFig. 1a,b), and similar to the bulk 7, (331 £ 1K (ref. 29)).
Despite being separated from the substrate by a50-nm LQG buffer
layer, the SG layers deposited on soft substrates remain more sta-
ble and more isotropically oriented than those on rigid substrates
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Fig.1|Schematicsillustrating the influence of boundary elasticity on faraway
relaxation dynamics. Spontaneous molecular relaxations in a deeply SCL or

glass can generate elastic stresses that propagate over along distance before
dissipation. A rigid boundary prevents stress dissipation; the barriers to relaxation
are bulk-like. With a soft boundary, the propagating elastic stresses can dissipate
through theinterface, thereby reducing the elastic barriers to near-zero; the
relaxationbarriers are the same as the local barriers at high temperatures.

(Extended Data Fig. 1c-h). Their fictive temperatures T, defined
as the temperature at which the glass has the same thermodynamic
state as the SCL”, are 270 + 2, 282 + 1 and 286 + 2 K on soft, semi-soft
andrigid substrates, respectively, consistent with those of single-layer
SGs deposited directly on the corresponding substrates. This provides
strong evidence that the effect of substrate softness propagates over
distances far exceeding the range of direct molecular interactions.
We also note that although in most PVD systems, a lower fictive tem-
perature (higher stability) typically results in slower transformation
fronts?>*°, our datashow the opposite trend in these layers, as discussed
further below. Moreover, prior work has shown that T;; does not
affect the activation energy of the transformation®’. Therefore, we do
not expect these differences in T;; to affect the measured activation
energies in this study. As such, the local interactions and relaxation
barriers at the buried SG/LQG interface are reasonably similar across
substrates, whereas the non-local elastic barriers are systematically
tuned, allowing us to compare and evaluate barriers arising from
longer-range effects.

Figure 2 schematically illustrates the evolution of the buried
SG/LQG interface on isothermal annealing, used to explore KF. At
annealing temperatures T, > T,, the layer directly on the substrate
quickly transforms into the SCL state and does not further evolve,
whereas the upper SGlayer transforms more slowly through a growth
front. This results in an upward shift of the buried SG/transformed
SCL interface position (denoted as z, in Fig. 2b), as measured by SE.
When T < Ty, < T, in addition to the SG transformation (Fig. 2a,
blue-violet arrows), the LQG layer is expected to undergo physical
aging (turquoise arrows), which should reduce its specific volume,
creating acompeting downward shift of z, (Fig. 2c). The instantaneous
changein z,is calculated as

dz,/dt = Vg g, — Uyg, @

where v, is the growth front velocity of SGand v,, is the rate of change
of the LQG layer thickness due to physical aging (that s, the evolution
of the LQG towards the equilibrium SCL state). v, , depends on the driv-
ing force to reach equilibrium, determined by the interplay between
the SG stability and the local relaxation dynamics of the transformed
SCL at T, (refs. 30,31). As such, its dependence on T, is governed by
the temperature dependence of 7, at the SG/LQG interface”2**?,In
other words, ashorter 7, resultsinalarger v,,, for a glass with certain
stability. We note that the free surface also has a transformation growth
front®°. The SGlayer thickness is chosen such that this surface interface
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Fig. 2| Schemesillustrating physical aging and transformation at the buried
SG/LQG interface in bilayer films. a, Schematic showing where certain states
exist with respect to volume and temperature, with the molecular structure of
TPD (inset). b, During isothermal annealing at T, , > T, the layer on the substrate
isat equilibrium (SCL), whereas the upper SG layer progressively transforms
into SCL (blue-violet arrows inaand b) at the SG/SCL interface. This addition to
the SCL layer results in an upward shift of z,. ¢, At Teo < Ti,, , < T, the LQG layer on
the substrate ages towards the corresponding equilibrium SCL state (turquoise
arrowsinaandb), which has alower volume. The upper SG layer also transforms
towards the same SCL state (blue-violet arrows ina andb), but at amuch slower
rate, due to its stability. Increasing density of the aging LQG dominates and
results inadownward shift of z;,.

does not influence the transformation kinetics at the buried SG/LQG
interface within the experimental window.

Facilitation of relaxation dynamics by

soft substrate

Using SE, we are able to directly probe the evolution of z, during iso-
thermal annealing at various temperatures (Fig. 3). The average upward
shift rate of the buried interface, <dz,/dt >, was obtained from linear
fits to the z, profiles. At 1.017, (Fig. 3a), <dz,/dt> is substantially
larger on the soft substrate than on the rigid substrate. Independent
trialsat1.047, (Extended Data Fig. 2a) indicate that this enhancement
is well beyond experimental error ((5.0 £ 0.2) x 10”2 nm s on the soft
substrate versus (2.2 +0.2) x102nm s on the rigid substrate). The
difference in the transformation rate persists even when the buried
interfaceis placed 70 nmaway fromthesubstrate (Extended DataFig.2a),
showing its long-range influence. This effect is observed down to
0.997T, (Fig. 3b), where the difference in <dz,/dt> becomes more
pronounced, by a factor of 10 (3.9 x 10~ nm s on the soft substrate
versus 3.8 x 107 nm s on the rigid substrate). This enhancement in
the transformation rate on the soft substrate is remarkable because
its SG layer has alower T;¢; than the SG layer on the rigid substrate,
which can indicate the relatively enhanced stability of the soft-
substrate sample.

At0.98T, (Fig.3c), z, of the samples on rigid substrates exhibits a
continuous downward shift within the experimental time window of
~9 days, meaning that the rate of physical aging is faster than that of
SG transformation through the growth front (v,, > v,,,,, equation (1)).
This is the expected behaviour of a bulk glass because the LQG is less
stable than the SG, and should, as such, evolve more rapidly towards
equilibrium. As aresult, as schematically shown in Fig. 2, adownward
shiftof theinterfaceis observed. The normalized < dz,/dt > valuesare
also comparable with the previously reported average aging rates of
bulk LQG films* (Extended Data Fig. 3 and Extended Data Table 1),
indicating that the SG transformation is now much slower than canbe
experimentally measured. Onasemi-soft substrate also at 0.987,, the

two competing processes appear to have the exact same rate, maintain-
ing the interface at the same location for >6 x10° s (-7 days). On the soft
substrate, z, still moves upwards ((5.2+ 0.9) x 10" nm ™, the average
value for the two independent trials), indicating that the SG transfor-
mation remains fast probably because the LQG has already reached
equilibrium due to enhanced dynamics. The combined data (Fig.3 and
Extended Data Fig. 2) reveal that a soft boundary a distance away dra-
matically facilitates the relaxation dynamics at the buried SG/LQG
interface. In particular, the constant rate of transformation at all tem-
peratures means that this effect persists up to a distance of at least
100 nm away. The observationis limited at low temperatures, because
itrequires prohibitively long observation times.

Influence of boundary elasticity on the temperature
dependence of faraway relaxation dynamics
The dynamics canbe further characterized by considering the average
growth frontvelocity, <v,, , >, which can be calculated using equation
(1) and <dz,/dt> obtained from the SE data; <v,, > was estimated
using the aging studies in ref. 33 (Methods). However, as shown in
Extended Data Fig. 3, <dz,/dt> and <vg, ;, > have similar values, due
to the negligible role of aging at the studied temperatures. Figure 4a
compares the temperature dependence of <uvg, ;, > for samples on
soft and rigid substrates with the bulk 7, of TPD, obtained from dielec-
tricrelaxation measurementsinref. 30. The temperature dependence
of <y, > for glass on the rigid substrate closely follows that of the
bulk 7,, whereas <uvg, , > on the soft substrate is faster at all tempera-
tures, withthe difference becoming more pronounced with decreasing
temperature. At T, the transformation is about one decade faster on
soft substrates. This difference already far exceeds the experimental
uncertainty. A conservative Arrhenius extrapolation of <uvg, j, > tothe
depositiontemperature, T, =264 K, predicts at least a10°-fold higher
transformationrate and, thus, a correspondingly shorter 7, on the soft
substrate (Extended DataFig. 4a). This difference explains our previous
observation that denser and more stable glasses can be produced on
soft substrates, for which we had previously estimated a 10°-10”
enhancement in the rate of surface-mediated equilibration®.

For various systems (including TPD) with SGs on rigid substrates,
the transformation front velocities initiated at the free surface (v,)
typically show aweaker dependence on the transformation tempera-
ture than bulk 7, of the transformed SCL, usually following (vg, ")
with y~0.7-0.8 (refs. 30,34,35). For our bilayer samples on rigid sub-
strates (Extended Data Fig. 5a), the front velocity at the buried inter-
face is roughly proportional to the rate of structural relaxations
(<Ugrp > 7, 1). This indicates that the transformation velocity at a
buried interface more closely represents bulk relaxation dynamics
thanthe dynamics of transformation fronts at the free surface. Interest-
ingly, for bilayer glass on soft substrates, the power-law dependence
resembles that of the free surface (<vgp, > 7;°¢**%9% ; Extended
Data Fig. 5a), matching the results for single-layer TPD at T;,, =260 K
and Ty, = 280 K (ref. 30; Extended Data Fig. 5b). This is an indirect
indicationthat the free surface canalso actasasoft boundary, provid-
ing a potential explanation for the weak temperature dependence of
growth front velocities, independent of glass stability*****, This pos-
sibility merits future in-depth investigation.

Temperature dependence of relaxation barriers

The contrasting behaviourin the dynamics of bilayer glasses on differ-
ent substrates primarily arises from the growing divergences of their
relaxation barriers, as the temperature is decreased. As mentioned
above, <, > 1;* for the bilayer on rigid substrates; therefore,
the temperature dependence of the activation energy (AE,;;4) can be
obtained from the previously measured bulk 7, (ref. 30). The activation
energy of the bulk, AE,,, can be obtained from 7, (slope of the solid
black line in Fig. 4a), which shows an increase from ~443 k) mol™ at
1.06T,to~841k) mol™at 0.97T,. Onsoft substrates, the bilayer’s < vg, , >
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Fig. 3| Transformation kinetics at the buried SG/LQG interface in bilayer films.
a-c, z, versus time () during isothermal annealing at various T;,, values: 333 K
(1.017,; a); 328 K(0.9977,,; b); 323 K (0.987,; ¢). The bilayer glasses were prepared

onsoft (two independent trials at T;,, =323 K), semi-soft and rigid substrates.
Dashed lines show linear fits, from which the < dz,/d¢ > values (the slopes, as
labelled above each line) were calculated.
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(29.0 k) mol™) and 7,,=258.9 K. Arrhenius fit to the < vy, ;, > data on soft
substrates (solid red line) yields an activation energy of AE,.;, =408 +15 k) mol™.
b, Comparison between the overall local barrier (red, AE ., ~ AE ., as
schematically indicated in a) and overall non-local elastic barrier

(blue, AE e = AE g4 — AE o, as schematically indicated in a) as a function of
inverse temperature (1,000/T, corresponding temperature values shown on top).
Thedashed lines denote T,=329 Kand T, =319 £ 1 K (Where AE,gic > AE oy
7,datain panelaadapted with permission fromref. 30, AIP.

exhibits Arrhenius behaviour with a constant activation energy with
AE, ;. =408 +15 k) mol™, over the experimental window, spanning
almost eight decades in 7,and down to 0.977,.

Giventhesimilarity between AE,;;sand AEy,,, we can assume that
similar to AE,, AE,;44is composed of two components: AE ;4= AE,
=AFE oy + AE e (refs. 2,36), where AE,., is the relaxation barrier com-
ponentduetolocal meansand AE, ;. is the barrier component due to
non-local and elastic factors. To estimate AE,,,, we note that the barrier
forsamples on soft substrates (AE,,,) is temperature-independent and
that AE, < AE, g4 in the experimental window. As such, we can assume
that the elastic barrier is negligible due to dissipation through the soft
substrate: AE,,., ~ AE,. Thus, we can evaluate the activation energy
duetoelasticity (the overall elastic barrier) with AE, ;g = AEp i — AE ot
Figure 4b compares AE,,;. With AE,,.,.. At high temperatures, the elastic
barrier is negligible (AE, .= 35 k) mol™ at 1.06T,), but it dramatically
grows on cooling. The elastic barrier exceeds AE,, at a crossover
temperature just below 7, (7,=0.97T,).

We note that previous theoretical work had predicted 7, to be
wellabove T, (ref. 36). One possible explanationis that AE . is only an
upper-bound value for AE,,,. However, to match the high crossover

temperatures predicted in simulations, AE,,.,, would have to be halfthe
measured value here. This is unlikely, given that AE,  ~ AE, even at
1.117, (Extended Data Fig. 4b), the highest temperature at which 7, was
measured’. Since AE, > AE,., at all temperatures, any temperature
dependence of AE,,.,, must be negligible in our experimental window,
corroborating the assumption that AE,  ~ AF,,.,. Another possibility
for this discrepancy is that glass simulations are often performed
in small boxes with periodic boundaries and are quenched at much
higher cooling rates. As such, itis likely that their estimated crossover
temperatures are higher than those in experiments.

Effect of elastic barrier on vitrification

Figure 1 schematically shows how a local rearrangement may result
in long-range elastic stresses, which may be dissipated differently at
arigid (reflective) versus soft (dissipative) boundary a far distance
away. Our data demonstrate that without invoking any specific local
dynamical correlations, these differences can result in dramatically
different relaxation barriers, at least 100 nm away from an interface.
Itis remarkable that the elastic facilitation of a soft substrate results
in Arrhenius temperature dependence, indicating that growing or
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percolating elasticity may be the main origin of non-Arrhenius relaxa-
tion dynamics' ', This is consistent with recent inelastic neutron
scattering experiments, which suggested a coupling between the
development of shear elasticity and the emergence of non-Arrhenius
relaxations”. Elasticity-mediated KF may also explain previous observa-
tions that under mechanical deformation, relaxation dynamics become
more homogeneous®®; in other words, the origin of non-exponential
relaxation decay may be the heterogeneity of elastic barriers, as
opposed to local barriers. Our data can also potentially explain why
SGs, equilibrated at 0.85T,, have nucleation sites that are >1 pm
away from each other®**2, This is probably the length scale at which
individual relaxation events that rely on elastic dissipation become
reasonably uncorrelated®*.

We note that our prediction of T, solely relies on the slope of the
Arrhenius curves. Assuch, itis remarkable that the estimated value of
T issocloseto T,, obtained by dilatometry or calorimetry experiments,
despite the uncertainties involved. This is a strong indication that an
elastic percolation® may indeed be the primary origin of vitrification,
as T, is approached from above. However, it is also important to note
that T,, a quantity determined using the average relaxation dynamics
of the SCL, will not clearly show these elasticity effects because these
effects only become pronounced at low temperatures, only affecting
the lower onset of vitrification, as opposed to the average. This can
explain why the 7, of the 50-nm LQG layers is only marginally affected
by the substrate elasticity.

TPD is a fragile liquid, with non-Arrhenius temperature
dependence®**°. Its viscosity dramatically decreases with increas-
ing temperature, explaining why its elastic barriers would quickly
vanish above T, (Fig. 4b). In strong liquids, we expect elastic barriers
to remain high—well above T,—contributing to their higher viscos-
ity at the same reduced temperatures*°. This accounts for why their
temperature-dependent relaxation times would remain Arrhenius;
both local and elastic barriers are weakly temperature dependent.
Strong liquids often exhibit anarrower distribution of relaxation times
than fragile liquids*, which may similarly be explained by the weaker
temperature dependence of both barriers.

In summary, this work experimentally demonstrates the strong
contribution of elastic dissipation to the relaxation barriersinmolecu-
lar glasses. The data suggest that the contribution of the non-local
elasticbarriersincreases rapidly at low temperatures, thereby playing
akeyroleintherapid non-Arrhenius slowdown of relaxation dynamics
and subsequent vitrification. Dissipation of elastic stresses enabled
by a soft boundary a far distance away can mitigate this percolating
effect, thereby facilitating glass equilibration, even well below T,. This
work demonstrates that the addition of thin, rubbery films as soft sub-
strates canbe used as anapproach to prevent glass vitrification atafar
distance away, and produce dramatically better equilibrated glasses
at low temperatures, particularly through PVD. In addition to their
potentialindustrial applications, the estimated elasticity-induced bar-
riers and the resulting insights into how glass relaxation is influenced
by boundaries well below T, can help improve theoretical models for
the glass transition.
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Methods

Sample preparation

PDMS substrate preparation. Thin-film PDMS substrates were made
from SYLGARD 184 silicone elastomer kits (Dow Corning). The base
and curing agents were mixed at a mass ratio of 10:1and dissolved in
tolueneto prepare astock solution of 10-wt% PDMS. The solution was
shaken and ultrasonicated for 10 min for better dissolution and mix-
ing. Diluted PDMS solutions with concentrations of 0.2 wt% were pre-
pared from the stock solution and spun-cast on silicon wafers (<100>
oriented, Virginia Semiconductor) at arotating speed of 5,000 rpm,
producing films with thicknesses of 5+ 1 nm. The spun-cast PDMS films
were subsequently cured under a vacuum at two different tempera-
tures to make films with different elastic moduli. The films cured at
room temperature (295 K) for 24 hhave amodulus £=3.9 MPa (denoted
as soft), and those cured at 383 K for 1 h have EF = 4.8 MPa (denoted as
semi-soft), as reported in our recent work®. The potential effect of
uncrosslinked PDMS and other free small molecules on the data was
investigated by performing control experiments on cured PDMS films
washed in toluene, as detailed in our previous work®. No difference
was seenbetween the as-prepared and washed substratesin the results
ofthe current work.

TPD film preparation. TPD was purchased from Sigma-Aldrich (purity,
>99%) and used without further purification. PVD of TPD was carried
outinacustom-designed ultrahigh-vacuum chamber, with abase pres-
sure of ~-107 torr, as described in our previous publication®. The dis-
tance between the depositionsource and the temperature-controlled
substrates was approximately 25 cm. The deposition rate was
Rep=2+0.2 A5, monitored using a quartz crystal microbalance
(Inficon STM-2 USB thin-film rate/thickness monitor) placed near
the substrate stage. A shutter between the TPD source and the sub-
strate was opened to start deposition after Ry, stabilized at the target
value, and it was closed once the target film thickness was reached.
The180-nm-thick SG films were prepared by deposition at 7., =264 K.
To prepare bilayer films, a 50-nm-thick SG layer was deposited at
T4ep = 264 K, which was subsequently heated in situ to 343 K and
annealed for 10 min to fully transform it into SCL. After the transfor-
mation, the sample was cooled back to 264 K, creating the LQG layer.
Another 130-nm-thick SG layer was deposited on the 50-nm-thick LQG
layer. Control experiments show that under these annealing conditions,
the SGis fully transformed without dewetting, and all substrates and
films had surface roughness of <2 nm (Extended DataFig. 6).

SE characterization

SE measurements. Thin-film characterization and in situ experiments
were performed on aJ.A. Woollam M-2000V ellipsometer equipped
with aLinkam stage (THMS600) for temperature control. A thin layer
of high-temperature vacuum grease (Apiezon PFPE 501) was applied to
ensure good thermal contact between the substrate and the stage. The
ellipsometric angles ¥ (amplitude change) and 4 (phase change) were
collected in the spectral wavelength range of 370 nm <A <1,700 nm.
To improve accuracy and eliminate systematic error from polarizers,
zone-averaged measurements were performed, in which the SE data
were averaged based on two measurements acquired with the polar-
izer rotated by 90°.

The 5-nm-thick and 13-nm-thick PDMS films and the as-prepared
and fully transformed TPD glass films and bilayers were characterized
at298 Kby variable-angle spectroscopic ellipsometry (VASE) measure-
ments, usingincident angles from 55°to 75° (at 5° increment each), with
anacquisition time of 20 s each.

For in situ dilatometry or isothermal experiments on bilayer
films, the incident angle was fixed at 70°, and the data were collected
with zone averaging at 2-30-s intervals depending on the duration of
the experiment. When performing in situ isothermal annealing, each
sample was heated to the target temperature (303-348 K) at a heating

rate of 60 K min™. After the isothermal annealing experiments were
concluded, the sample was heated to 353 K for full transformation of
the entire film, followed by cooling at 10 K min™to 298 K.

SE data modelling. CompleteEASE software (v.6.66) was used for
modelling the SE data. To avoid strong absorbance effects of TPD at
wavelengths of 1 <400 nm (ref. 29), SE fitting for TPD films and bilay-
erswasrestricted to wavelengths from 550 to 1,700 nm. To obtain the
temperature-dependent values of the optical properties of the PDMS
substrates, 13-nm-thick PDMS films were characterized with this VASE
measurement at constant temperatures (from 298 to 393 K, every
5-K interval), on both heating and cooling. The VASE data for PDMS
films were fitted within the wavelength range 0f 370 to 1,700 nm. The
results were reported in our previous work® and are reproduced here
in Extended Data Fig. 7 for ease of reference.

To obtain the optical properties for LQG films, measurements were
performed on fully transformed TPD films, and the data were modelled
using a four-layer model: the silicon substrate, a 1.0-nm-thick native
oxide, PDMS and an isotropic Cauchy film (n=A + }%, where nis the
refractive index and A and B are constants) for TPD. With all other
parameters known, 4, Band the film thickness hg,,, were used as fitting
parameters. A and Bwere then used as known parameters for the LQG
layer whenmodellingbilayer films, without furtherfitting. Temperature-
dependentellipsometry data for the silicon substrate, available in the
CompleteEASE library, were directly used in the modelling.

The optical properties of bilayer films on PDMS substrates were
modelled using afive-layer model, including (from bottomto top) the
silicon substrate, native silicon oxide layer, anisotropic Cauchy layer
for PDMS, another isotropic Cauchy layer for LQG and an anisotropic
(birefringent) Cauchy layer for SG, described as

B

Nyy = Axy + ﬁ )
B

n,=A; + ﬁ 3)

where n,, and n, are the in-plane and out-of-plane refractive indices,
respectively,and A,,, A,and Bare Cauchy fit parameters. With all other
parameters known, only A,,, A,, B and hs for the SG layer, along with
hy o for the LQG layer, were used as fitting parameters.

For modelling the in situ SE data collected during isothermal
annealing, up tosix layers were included in the model: silicon substrate,
native oxide, PDMS, LQG (or SCL, depending on the temperature), SG
and another SCL layer (from bottom to top). Parameters for silicon,
native oxide and PDMS at any temperature were used as described
above. Ateachisothermal temperature, the Cauchy parameters for the
LQG (or SCL) and SG were held constant based on previously measured
values. Only the thicknesses of the LQG, SCL layer(s) and SG layers were
allowed tovary asfitting parameters over time. Due to the substantial
refractiveindex contrast between SG and LQG (or SCL), fixing the thick-
ness of either the top or bottomevolving layer resulted in alarge mean
squareerror (Extended DataFig. 8). As such, the temporal evolution of
the interfaces’ positions could be precisely determined.

We note that during isothermal annealing at T;,, < T, aging in the
LQG layeris expectedtoslightlyincreaseitsrefractive index withtime.
However, allowing thisindex to vary as a free parameter did not affect
the overall results, as they did not substantially affect the measured
thickness values (Extended Data Fig. 9). Consequently, the refractive
index of this layer was held constant, and only the thickness was fitted
to prevent overfitting.

Calculation of Ap, T;and birefringence
Therelative density change, Ap, is determined from the average refrac-
tiveindices ((n)) measured before and after the thermal transformation
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of SG and bilayer films, using the Lorentz-Lorenz equation®.
For optically anisotropic films (n,, # nn,), (n) can be calculated as

n? +n2 +n,? 2n,,2 + n,?
<n>=\/x , Z=\/ R @)

3 3

The density of glassis correlated with its transparent refractive index
through the Lorentz-Lorenz equation**

nt—1 _ aNyp
n2+2 " 3eeMy’

©)

where pisthe density, ais the molecular polarizability, N, is the Avoga-

dronumber, €, is the permittivity of free space and M, is the molecular

molar mass. Thisequationindicates thatncanbe used asanindepend-

entmeasure of density without relying on the thickness change on film

transformation. Our previous work* has demonstrated that this cor-

relation holds for TPD glass films over abroad range of film thicknesses.
Assuming the changesin nand p are small, we have

6n d alNy

n= dp. (6)
(n2 +2)° 3oy

By dividing equation (6) by equation (5), we get the relative changes:

dp 6n? dn

P+ 2)(m2-1) n’ 2

We define Ap = (p — pioc)/p and An = (n - n 4c)/n to substitute for dp/p
and dn/n, respectively; then, we have

6n?

= wrw -t ®

Ap

With equation (8), the relative density change (Ap) can be calculated
usingtherelative changeintherefractiveindex (An), compared withthe
values of LQG at 298 K. For birefringent samples, (n) is used instead of n.

The fictive temperature, T, is calculated based on the tempera-
ture dependence of Ap for equilibrium SCL and SG”. Birefringence is
defined as the difference between the out-of-plane (n,) and in-plane
(n,) refractive indices. A lower birefringence, indicated by a smaller
absolute value, signifies a more isotropic molecular orientation in
theglass.

Estimation of average aging rate

Since the T, value of 50-nm-thick LQG layers on both soft and rigid
substrates are the same as bulk 7, (Extended DataFig. 1a,b), their aging
rates are expected to be similar tobulk samples. Furthermore, previous
studies on polymer glasses have shown that the formation of a polymer/
rubber interface does not affect the aging rate, even when thelocal 7,
is substantially shifted***. Therefore, the average rate of change of the
LQG layer thickness due to aging (<v,, >) was estimated based on the
agingstudiesinref.33inbulk TPD LQGs (Extended DataFig. 3a,b). For
simplicity, it was assumed that the aging rate is constant over the
experimental time window. Although aging is not necessarily linear

with time, <uv,, >was found to be much slower than <dz,/d¢> for most
datapoints. As shown in Extended Data Fig. 3¢, including <v,, > in the
calculation made no substantial difference, as <dz,/dt> is nearly
identical to the estimated value of <vy, ;, >, confirming that the rate of
aging had anegligible effect on the calculation of growth front velocity.

Data availability

The data that support the findings of this study are included in
Extended Data Table 1. Source data are also available via figshare at
https://doi.org/10.6084/m9.figshare.33014207.
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Extended Data Table 1| Transformation kinetics of SG(130 nm)/LQG(50 nm) bilayer films on rigid and soft substrates

T(K) (dz,/dt) onrigid (dz,/dt) on soft (Vag) (Nnm/s) (Vgip) ONTigid (Vg,p) ON sOft
substrate (hm/s) substrate (hm/s) substrate (hm/s) substrate (hm/s)

348 1.9x107 - - 1.9x10™

343 (22+0.2)x102 (5.0£0.2)x107? - (22+0.2)x102 (5.0£0.2)x107?

338 2.3x107® - - 2.3x107®

333 17x10™ 51x10™ 1.4x107 17x10™ 51x107*

328 3.8x10° 3.9x107° 2.2x107 4.0%x107® 3.9x107°

323 - (5.2+0.9)x10°® 2.8x107 - (5.5+0.9)x10°®

318 - 2.3x107 4.8x107 - 71x107

Measured values of (dz,/dt) for the bilayer, the estimated aging velocity (v,,) of the 50-nm LQG layer, and (v,,,) of the bilayer at various temperatures on rigid and soft substrates. Data with
error bars are presented as mean values + standard error of the mean for three independent experiments.
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Extended Data Fig. 1| Properties of the LQG and SG layers in bilayer and single- LQG layers (c-e) and single-layer 180-nm-thick SG films (f-h). For the box plotsin
layer samples prepared on substrates of different elasticity. a,b, Thickness c-h: center line is the median; box limits are at 25th and 75th percentiles; whiskers
(a) and refractive index at 1= 632.8 nm (b) of 50-nm LQG films on soft and rigid show the most extreme data points within 1.5 x interquartile range; and black
substrates, as a function of temperature during cooling at 10 K/min. The glass data points are individual measurements. For bilayer SG films (c-e), the number
transition temperature, Ty, is 329 + 1K on both types of substrates. c,f, Relative ofindependent measurements was N=8, 2,and 10, on soft, semisoft, and rigid
density change (4p), d,g, fictive temperature (7;), and e,h, birefringence of substrates, respectively. For single-layer films (f-h), the corresponding numbers

bilayer films comprising 130-nm-thick SG layers deposited on top of 50-nm-thick were N=12,27,and 23, respectively.
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t(10% s) t(10° s)

Extended DataFig. 2| z, versus time during isothermal annealing at T, =343 aSG(130 nm)/LQG(50 nm) bilayer prepared on a soft substrate. Forbothaandb,

and 318 K. a, Independent transformation experiments at T;,,= 343K (1.04T,) dashed lines show the linear least-squares fits used to determine (dz,/dt), defined
were carried out on SG(130 nm)/LQG(50 nm) bilayers prepared on rigid asthe fitted regression slope. The corresponding slope values are labeled beside
(turquoise) and soft (red) substrates, and on aSG(110 nm)/LQG(70 nm) bilayer eachline. Forb, the standard error of the fitted slope is 3.3 x10™ nm/s.

prepared onarigid substrate (green). b, Transformation at T;,,=318 K (0.97T,) for
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Extended Data Fig. 3 | Estimated aging of the 50-nm LQG layer and comparison
of (v,, ) and (dz,/dt) at the buried SG/LQG interface in bilayer films.

a, Normalized thickness of 400-nm-thick LQG films as a function of aging time at
various temperatures. Dashed lines show linear extrapolation on the log(t,,) scale
through the time window of the present experiments. b, Normalized position

of the buried SG/LQG interface, z,/z, , as a function of time during isothermal
annealing at T;,, =323 K for a SG(130 nm)/LQG(50 nm) bilayer film prepared on a
rigid substrate. The two datasets correspond to results obtained from two fitting
approaches applied to the in situ SE data: one with the refractive index of the

bottom LQG layer (n, o) fixed (blue-violet), and the other with i, o treated as a
fitting parameter (turquoise). For comparison, the normalized thicknesses, h/h,,
of 400-nm-thick LQG films aged at 325.7 and 318.4 K, along with the extrapolated
linesshownina, are also plotted. z, ,and h, denote the corresponding values
att=0s.¢, Arrhenius plot of (v,,,) and (dz,/dt) for bilayer films. Solid lines are
linear fits to (v,,,) and (dz,/dt) for samples on soft substrates, yielding activation
energies of 408 + 15 kJ/mol (red) and 440 + 12 kJ/mol (green), respectively.

Aging datain panels aand b adapted with permission from ref. 33, Royal Society
of Chemistry.
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Extended DataFig. 4| Extrapolation of (v,,,) assuming Arrhenius
temperature dependence. a, Extrapolation of (v,,,,) to lower temperatures for

bilayer films on soft and rigid substrates. The gray dashed line marks Ty, =264 K.

The corresponding activation energies are 408 + 15 kJ/mol for the soft-substrate
filmand 502 + 30 kJ/mol for the rigid-substrate film. b, Extrapolation of (v,,},) to
higher temperatures for the bilayers on the soft substrate, shown as the solid
red line. The measured (v,,,,) (left axis) for the soft- (red) and rigid-substrate

1000/ T (1/K)

(turquoise) samples are compared with the bulk 7, of TPD (right axis; black
circles) and its VFT fit (black line), plotted as a function of inverse temperature
(1000/T; corresponding temperature values are shown on top). Data with
error bars are presented as mean values + standard error of the mean for three
independent experiments. 7, data in panel b adapted with permission from
ref.30, AIP.
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Extended Data Fig. 5| Transformation front velocities as a function of the
liquid structural relaxation time at the annealing temperature. a, log(vg, ;,) for
bilayer films on soft (red) and rigid (turquoise) substrates versus the structural
relaxation times (log 7,) based on bulk TPD studies in ref. 30. b, log(v,,,) for
bilayers on soft substrates (red circles) versus logt, as well as the surface-initiated
transformation front velocities reported by Walter et al.>° for TPD SGs deposited
at T, =260 K (green stars) and 280 K (magenta squares). Data with error bars are
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presented as mean values + standard error of the mean for three independent
experiments. The colored lines are linear least-squares fits to the corresponding
data points with the same color. The power-law exponents and uncertainties
showninthelegends are the fitted regression slopes and their standard errors,
respectively. The blacklineinais a constrained fit to the data for the rigid
substrate, with the slope fixed at - 1. 7, datain panel a and surface-initiated
transformation datain panel b adapted with permission from ref. 30, AIP.
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Extended DataFig. 6 | Atomic force microscope (AFM) images of TPD glass quenching back to room temperature. ¢, A130-nm-thick SG film deposited ona
films deposited on soft substrates. a, As-deposited 50-nm-thick SG film. 50-nm-thick LQG layer. The scale bars for all images are 5 um. Root-mean-square

b, LQG obtained by heating the SG filminato the SCLstateat 343 Kforl10 minand  (RMS) roughness values are indicated on each image.
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Extended Data Fig. 7| Cauchy parameters of a13-nm-thick PDMS film obtained
by modeling the VASE data collected at various isothermal temperatures.

Red squares represent the data obtained during heating from 298 to 393K at 10
K/min, and with a5-minisothermal hold at every 5-K interval. Blue circles are the
dataobtained upon subsequent cooling at the same rate, temperatures, and hold
time. The results are presented as fitted values, with error bars indicating the
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90% confidence intervals calculated using the CompleteEASE software’s fitting
algorithm. Solid lines are aglobal linear fit to both data sets in the temperature
range between298 and 363 K:a,A=1.4767-1.8967 x10™*T; b, B=5.7808 x 10
-1.2974 x107°T; and ¢, h=10.2658 + 8.5802 x 10T, with thickness 2 in nm and

temperature TinK.
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Extended Data Fig. 8| Comparing the mean square error (MSE) of various transformation growth front initiating from the free surface (‘top’ina); and
fitting models to the in situ spectroscopic ellipsometry (SE) data. a, MSE d, two transformation growth fronts initiating from the buried interface
versus time during isothermal annealing of amodeled SG (130 nm)/LQG (50 and the free surface, respectively. As seenina, the model with two growth
nm) bilayer on a soft substrate at T, =323 K. b-d, Schematic illustrations of fronts (red) produces lower MSE than the other two models throughout the
the models used for fitting: b, one transformation growth front initiating from annealing experiment.

the SG/LQG interface (buried interface, corresponding to ‘bottom’ ina); ¢, one
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Extended Data Fig. 9| Modeling of the in situ spectroscopic ellipsometry
(SE) datafor the SG (130 nm)/LQG (50 nm) bilayer with the refractive index of
thebottomLQG layer, n, o, as afit parameter. a, z,, b, n,oc, and ¢, MSE, versus
time duringisothermal annealing at T;;, =323 K, for bilayer samples on various
substrates. Dashed lines in bindicate the n, o values of 180-nm-thick LQG films

after full transformation of the bilayer and subsequent quenching to 323 K,
following the same color scheme as the solid lines. Dashed lines in c correspond
to the MSE of fittings with n, o fixed at the values as indicated by the dashed lines
inb. The two independent trials on soft substrates were labeled as #1 and #2.
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