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SUPPLEMENTARY NOTE 1

Estimation of the average aging rate. Since the 7; of 50-nm-thick LQG layers on both soft and
rigid substrates are the same as bulk 7; (Supplementary Fig. 1), their aging rates are expected to
be similar to bulk 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 the local T is
substantially shifted[1, 2]. Therefore, the average rate of change of the LQG layer thickness due
to aging (<vag>) was estimated based on the aging studies by Cheng et al.[3] in bulk TPD LQGs
(shown in Supplementary Fig. 6). For simplicity, it was assumed that the aging rate is constant
over the experimental time window. While aging is not necessarily linear with time, <vag> was
found to be much slower than dzy,/dt for most data points. As shown in Supplementary Fig. 8,
adding (vag) to (dzy/dr) did not make a significant difference in the estimated value of (Vg ),

confirming that the rate of aging had a negligible effect on the calculation of growth front velocity.

SUPPLEMENTARY NOTE 2

Calculation of Ap, T;, and birefringence. The relative density change, Ap, is determined from
the average refractive indices ((n)) measured before and after the thermal transformation of SG
and bilayer films, using the Lorentz-Lorenz equation [4].
For optically anisotropic films (nxy # n,), (n) can be calculated as:
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The density of glass is correlated with its transparent refractive index through the Lorentz-

Lorenz equation [4],
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where p is density, & the molecular polarizability, Ns the Avogadro number, & the permittivity of
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the free space, and My the molecular molar mass. This equation indicates that n can be used as
an independent measure of density without relying on thickness change upon film transformation.
Our previous work [5] has demonstrated that this correlation holds for TPD glass films over a
broad range of film thicknesses.

Assuming the changes in n and p are small, we have:
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By dividing Supplementary Eq. 3 by Supplementary Eq. 2 we get the relative changes:

dp 6n’ dn
P (R2+2)m2—1) n- @

We define Ap = (p — pLog)/p, and An = (n — ngg)/n, to substitute for dp /p and dn/n respec-

tively, we have:
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With Supplementary Eq. S the relative density change (Ap) can be calculated using the relative

(&)

Ap:(

change in the refractive index (An), compared to the values of LQG at 298 K. For birefringent
samples, (n) is used instead of n.

The fictive temperature, Tt, is calculated based on the temperature dependence of Ap for equi-
librium SCL and SG[6]. Birefringence is defined as the difference between the out-of-plane (7,)
and in-plane (nyy) refractive indices. A lower birefringence, indicated by a smaller absolute value,

signifies a more isotropic molecular orientation in the glass.
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Supplementary Fig. 1| 7, measurement for 50-nm-thick LQG films on soft and rigid substrates.
a, Thickness, and b, refractive index at A = 632.8 nm, as a function of temperature during cooling at 10
nm/min. The glass transition temperature, T, determined from the intersection of linear fits to the SCL and

glass regions, is 329 1 K, independent of substrate elasticity.
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Supplementary Fig. 2 | Properties of the SG in bilayer and single-layer samples prepared on various
substrates. a,d, Relative density change (Ap), b,e, fictive temperature (7¢), and c.f, birefringence, for 130-
nm-thick SGs atop 50-nm-thick LQGs (a-c) and 180-nm-thick SGs (d-f). The boxplot center line represents

the median, the boxes denote the interquartile ranges (IQR), whiskers extend to the minimum and maximum

values within 1.5IQR, and outliers are marked as red crosses.
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Supplementary Fig. 3 | Atomic force microscope (AFM) images of TPD glass films deposited on soft
substrates. a, As-deposited 50-nm-thick SG film. b, LQG obtained by heating the same SG film in a to
SCL state at 343 K for 10 minutes and quenching back to room temperature. ¢, A 130-nm-thick SG film
deposited on a 50-nm-thick LQG layer. The scale bars for all images are 5 um. Root-mean-square (RMS)

roughness values are indicated on each image.
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Supplementary Fig. 4 | Position of the buried SG/transformed-SCL interface, z,,, vs. time during
isothermal annealing at two different 7;,: a, 343 K, and b, 318 K. The bilayer glasses were prepared on
rigid and soft substrates. Dashed lines represent linear fits. The fitted slopes, i.e., upward moving velocities
((dzp/dt)) are, 4.8 x 1072 £2.3 x 10~* nm/s on soft substrate and 2.6 x 1072 £ 1.9 x 10~> nm/s on rigid
substrate at Tig, = 343 K, and 2.3 x 1077 3.3 x 10~° nm/s on soft substrate at T}, = 318 K, respectively.

Error bars represent the standard error of the regression parameters.
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Supplementary Fig. 5 | Normalized position of the buried SG/LQG interface, z;/z 0, vs. time during
isothermal annealing at 7;;, = 323 K, for a bilayer film prepared on rigid substrate. The two data
represent results from two fitting approaches for the in-situ SE data: fixing the refractive index of the
bottom LQG layer (nyqg) or fitting it. The normalized thicknesses (h/hg) of 400-nm-thick LQG films
during aging at 325.7 K and 318.4 K are shown for comparison. z, ¢ and 5 are the corresponding values at
t =0s. The h/hg data are adopted from Cheng et al.[3], where dashed lines are extrapolation as shown in

Supplementary Fig. 6.
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Supplementary Fig. 6 | Normalized thickness of 400-nm-thick LQG films vs. time during aging at
various temperatures. A is the film thickness at #,4i,¢ = 0 s. The data are adopted from Cheng et al.[3]

Dashed lines are linear extrapolation in the logz,gine scale to the time window of our experiments.
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Supplementary Fig. 7 | Extrapolation of <vgr7b> on soft and rigid substrates assuming Arrhenius
temperature dependence. Black arrow denotes Ty, = 264 K. The derived activation energies are 407 &

13 kJ/mol on soft substrate and 504 31 kJ/mol on rigid substrate, respectively.
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Supplementary Fig. 8 | Comparison between the front growth velocity associated with SG transfor-
mation, <vgr7b>, and the upward moving velocity, (dz,/dt), of the buried SG/transformed-SCL inter-
face in bilayer films prepared on soft and rigid substrates. Solid lines are linear fits to the <vgr7b> and
(dzp/dr) data on soft substrates, revealing activation energies of 407 4= 13 kJ/mol (red) and 435 + 13 kJ/mol
(blue-violet), respectively. Green stars represent data adopted from Walter et al.[7] for single-layer TPD

SGs deposited at Tgep = 260 K on rigid substrates (silicon).
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Supplementary Fig. 9 | Distance of top interface from the free surface, 5zp, vs. time during isother-

mal annealing at various 7Ti,,: a, 343 K, b, 333 K, ¢, 328 K, d, 323 K, and e, 318 K. The data in e on

rigid substrate is for a 180-nm-thick single-layer SG film, the rest in a-e are bilayers. The independent

experiments were performed on soft substrates at T;5, = 323 K, labeled as #1 and #2.
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Supplementary Fig. 10 | Distance of top interface from the free surface, 6z, and its corresponding
instantaneous velocity, v, (op, Vs. time for bilayer samples prepared on rigid substrates. Samples were
isothermally annealed at various temperatures between 303 K and 348 K. The intersection of the horizontal
and vertical dashed lines in the lower-Ti, plots (< 343 K) marks the point where rapid changes in vg; (op

end, defining the thickness of the mobile surface layer, A;.
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Supplementary Fig. 11 | Cauchy parameters of a 13-nm-thick PDMS film obtained by modeling the

VASE data collected at various isothermal temperatures. Red squares represent the data obtained in

heating from 298 K to 393 K at 10 K/min and with a 5 min isothermal hold at every 5 K interval. The

blue circles are the data obtained upon subsequent cooling at the same rate, the same temperatures, and

the same hold time. Error bars represent the 90% confidence intervals, calculated by the fit algorithm

applied to the VASE data. Solid lines are a global linear fit to both data sets in the temperature range

between 298 K and 363 K: a, A = 1.4767 — 1.8967 x 107*T, b, B=5.7808 x 1073 — 1.2974 x 10777, ¢,

h =10.2658 +8.5802 x 1073T, with thickness / in nm and temperature 7 in K.
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Supplementary Fig. 12 | Comparison between the mean square error (MSE) of various fitting models
to the in-situ spectroscopic ellipsometry (SE) data. a, MSE vs. time during isothermal annealing of
a bilayer on soft substrate at Ti;, = 323 K. b-d, Schematic illustration of the models used for fitting: one
transformation growth front originating from the SG/LQG (bottom) interface (b), one transformation growth
front originating from the (top) free surface (a), and two transformation growth fronts at both interfaces (d).
As seen in a, the model with two growth fronts (red) produces lower MSE than the other two models

throughout the annealing experiment.
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Supplementary Fig. 13 | Modeling of the in-situ spectroscopic ellipsometry (SE) data by treating the
refractive index of the bottom LQG layer, 1 oG, as a fit parameter. a, Distance of top interface from
the free surface, 52t0p, b, position of the buried SG/LQG or SG/transformed-SCL interface, zp, ¢, n.qc, and
d, MSE, vs. time during isothermal annealing at Tjs, = 323 K, for bilayer samples on various substrates.
Dashed lines in ¢ indicate the ny gg 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 d
correspond to the MSE of fittings with ny g fixed at the values as indicated by the dashed lines in ¢. The

two independent trials on soft substrates were labeled as #1 and #2.
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Supplementary Fig. 14 | Invariant surface dynamic gradient on bilayer and single-layer glasses on
soft and rigid substrates. Instantaneous growth front velocity of the top interface, vy op Vs. the distance
from the free surface, 8ziop, during isothermal annealing at Tis, = 323 K, for a,b, bilayer glasses on soft (a)
and rigid (b) substrates, and ¢, a single-layer SG film on rigid substrate. Dashed lines represent power-law
fit results: vgp top o< 6z§)%'1 (a,b), v top o< 615%‘0 (c¢). Blue-violet and orange shadings denote the mobile
surface layer and the bulk region, respectively. Schematics above each plot illustrate the corresponding

fitting models for the in-situ SE data, consisting of 6, 5, and 4 layers, respectively.
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