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Ultrastable nanostructured polymer glasses
Yunlong Guo1, Anatoli Morozov2, Dirk Schneider3, Jae Woo Chung1, Chuan Zhang1,
Maike Waldmann4, Nan Yao4, George Fytas3,5, Craig B. Arnold2,4 and Rodney D. Priestley1,4*
Owing to the kinetic nature of the glass transition, the ability to significantly alter the properties of amorphous solids by the
typical routes to the vitreous state is restricted. For instance, an order of magnitude change in the cooling rate merely modifies
the value of the glass transition temperature (Tg) by a few degrees. Here we show that matrix-assisted pulsed laser evaporation
(MAPLE) can be used to form ultrastable and nanostructured glassy polymer films which, relative to the standard poly(methyl
methacrylate) glass formed on cooling at standard rates, are 40% less dense, have a 40 K higher Tg, and exhibit a two orders
of magnitude enhancement in kinetic stability at high temperatures. The unique set of properties of MAPLE-deposited glasses
may make them attractive in technologies where weight and stability are central design issues.

Conceptually, glasses are liquids that have lost their ability
to flow1. They are typically formed by cooling from the
liquid state2,3. If the liquid is cooled at sufficiently high

rates, crystallization can be circumvented beyond the melting
temperature. Eventually, on further cooling, molecular motions
become progressively slower, and the molecules are unable to
adequately sample equilibrium configurations in the experimental
timescale, as set by the rate of cooling. The temperature at which
the liquid falls out of equilibrium is denoted as the glass transition
temperature (Tg). The glass transition is a kinetic phenomenon4.
The slower the rate of cooling during glass formation, the greater is
the available time for molecular rearrangement in the liquid state.
Consequently, the liquid will be cooled to a lower temperature
before it abruptly transforms into a glass. The properties of
glasses, hence, depend on the path to the glassy state, and may
be tuned by the rate of cooling. From a practical viewpoint,
an order of magnitude change in the rate of cooling merely
modifies the value of Tg by ∼3K (ref. 5). Thus, the ability
to tune the properties of glasses through the typical route to
the vitreous state is restricted, and therefore other routes to
the glassy state—those that can bypass the kinetic limitations
of glass formation—are necessary to induce significant changes
in material properties.

In a noteworthy discovery, Ediger and co-workers showed that
organic molecular glasses with exceptional thermodynamic and
kinetic stability (that is, ‘stable’ glasses) could be formed by physical
vapour deposition (PVD; ref. 6). By carefully controlling deposition
rate and substrate temperature, vapour-depositedmolecular glasses
exhibited an ∼8 J g−1 decrease in enthalpy, an ∼2% increase in
density and an ∼20% enhancement in elastic modulus6,7. By the
method of supercooling, it has been estimated that gradual cooling
over ∼1,000 yr would be required to obtain similar properties to
those of the vapour-deposited glasses8,9. Furthermore, the vapour-
deposited glasses are kinetically stable, requiring approximately
three orders of magnitude greater time to complete the glass
to liquid transition when annealed at Tg (ref. 10). Although
the initial discovery of stable glasses was for indomethacin and
trisnapthylbenzene, toluene11 and ethylbenzene12 stable glasses
have also been produced.
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The formation of the analogous stable polymer glasses represents
a major technological and scientific challenge because of the
inability to deposit polymers using PVD and the inherently slower
chain conformations owing to the increased molecular weight.
Here, we sought the development of the first stable polymer glasses
using a unique deposition method termed matrix-assisted pulsed
laser evaporation (MAPLE). We have discovered that MAPLE can
be used to form glassy polymer films with enhanced values of
Tg and superior kinetic stability. Relative to the standard glass
formed on cooling at standard rates, glasses prepared usingMAPLE
can have ∼30–40K higher values of Tg. Furthermore, the kinetic
stability in the glassy state can be enhanced by two orders of
magnitude. However, contrary to stable organic molecular glasses,
which show an increase in density, our stable polymer glasses exhibit
an ∼40% reduction in density. Despite the change in density of
stable polymer glasses, their modulus remains unchanged from the
standard glass. The unique combination of properties is a result of
the glass morphology created during MAPLE deposition. We have
developed glassy films formed by the assembly of nearly spherical
polymer nanoglobules, that is, a supramolecular nanostructured
glass, the properties of which we suggest are dictated by those of the
individual nanoglobules and their collective packing.

In the MAPLE method, a pulsed laser ablates a target,
consisting of a frozen dilute solution of the desired polymer, to
produce films of the material13,14. As opposed to direct polymer
ablation, MAPLE provides a gentle and non-destructive means
for the deposition of polymer films14. Figure 1a compares the
heat capacity curves of standard, hyperquenched, and MAPLE-
deposited poly(methyl methacrylate) (PMMA). Formation of
the standard glass was achieved by cooling from the liquid at
40 Kmin−1 to 293K. Formation of the hyperquenched glass was
achieved by rapidly transferring molten PMMA contained in an
aluminium pan into liquid nitrogen, the estimated cooling rate
of the process being ∼120K s−1 (ref. 15). The MAPLE-deposited
glass was formed by the slow deposition of PMMA (growth
rate ∼0.25 nm s−1) onto a silica substrate held at a substrate
temperature (Tsubstrate) of 311K (Supplementary Information). The
black curve in Fig. 1a represents the heat capacity of the standard
PMMA glass, and Tg,standard = 359K is the midpoint standard
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glass transition temperature, as determined from the peak of the
derivative of the heat capacity curve (see Fig. 1b and Supplementary
Information). The red and green curves represent the heat capacities
of the hyperquenched and MAPLE-deposited PMMA, respectively.
Whereas the hyperquenched glass exhibits signatures of the well-
known enthalpy recovery exothermbelowTg,standard and amodestTg
enhancement of∼5K (ref. 16), the heat capacity curve is noticeably
different for theMAPLE-deposited PMMA. For instance, the glassy-
state heat capacity is significantly lower for the latter. Remarkably,
an enhancement in Tg of ∼33K is observed for the MAPLE-
deposited glass (midpointTg,MAPLE=392K; Fig. 1b).

To locate the relative position of the standard, hyperquenched
and MAPLE-deposited glasses on the energy landscape17, we
computed the enthalpy of the materials by taking the integral
of the heat capacity. Figure 1c compares the enthalpy curves of
the PMMA samples. MAPLE-deposited PMMA exhibited a greater
enthalpy. For instance, at 340K, the enthalpy difference between the
MAPLE-deposited glass and standard glass was∼30 J g−1.

The major improvement in thermal stability, as evident by
calorimetry, was supported by temperature-dependent wide-angle
X-ray scattering (WAXS) and Brillouin light scattering (BLS)
studies. As shown in Fig. 2a and b, an abrupt leftwards shift in
the scattering curve near the peak at 2θ ∼ 12.7◦, an indication of
the glass-to-liquid transformation, occurred at an ∼28K higher
temperature for the MAPLE-deposited glass than for the standard
glass. Figure 2c plots the variation of the longitudinal sound velocity
as a function of temperature for standard and MAPLE-deposited
glasses. The characteristic kink in the curve, corresponding to the
glass transition18, distinctly occurred at a higher temperature for
the latter. Furthermore, an abrupt increase of the BLS intensity (see
lower inset in Fig. 2c) occurred near the onsetTg,MAPLE=380K.

The enhancement in thermal stability of MAPLE-deposited
glassy films is accompanied by a significant reduction in density.
From refractive indexmeasurements at room temperature, the den-
sities of MAPLE-deposited and standard PMMA were determined
to be 0.681± 0.008 g cm−3 and 1.184± 0.002 g cm−3, respectively
(Supplementary Information). Hence, MAPLE-deposited PMMA
films have an ∼42% reduction in density, as estimated from
refractive-index measurements. From the X-ray reflectivity (XRR),
the reduction in density was estimated to be ∼38% for MAPLE-
deposited PMMA (Supplementary Information). Remarkably,
quenched MAPLE-deposited (Supplementary Information) and
standard PMMA glasses exhibited similar sound velocities at T <
Tg,standard, suggesting a similar glassy-state rigidity, in spite of the sig-
nificantly reduced density for the former (solid diamonds in Fig. 2c;
seeMethods for the BLS protocol and Supplementary Information).

We note that MAPLE-deposited glasses can be transformed into
the standard glass by high-temperature (T > Tg,MAPLE) annealing
followed by subsequent cooling at 40 Kmin−1. The blue curve
in Fig. 1a represents the immediate heating scan of the resulting
glass. The agreement between the heat capacity curves of the
two glasses formed on cooling provide substantial evidence that
MAPLE does not impart any permanent structural change to the
glass, and is in agreement with gel permeation chromatography
(GPC), nuclear magnetic resonance (NMR) and Fourier transform
infrared spectroscopy (FTIR) investigations presented in the
Supplementary Information.

While maintaining a constant growth rate, we have investigated
the impact of substrate temperature on the thermal stability of
MAPLE-deposited glasses. Figure 3a shows the influence of Tsubstrate
on the heat capacity of MAPLE-deposited glasses grown at a rate
of ∼0.25 nm s−1. The green and blue curves represent the first and
second heating scans, respectively, of the MAPLE-deposited glass
with Tsubstrate= 311K during deposition. The absence of exotherms
on heating indicates structural stability. Glasses deposited outside
a critical temperature range of ∼308–311K exhibited pronounced
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Figure 1 | Effect of processing method on the glass transition temperature
of PMMA. a, Heat capacity of PMMA samples: MAPLE-deposited PMMA
on first heating (green curve) and second heating (blue curve),
hyperquenched PMMA (red curve), and standard PMMA (black curve). All
heating rates were 20 K min−1. b, Normalized derivatives of heat-capacity
curves shown in a; the peak of each curve represents the midpoint Tg.
c, Enthalpy curves of PMMA samples obtained by integration of the heat
capacity curves.

exothermic peaks on heating, which would indicate some level of
structural instability. However, it is important to note that the onset
temperatures of the exothermic peaks were near to the onset of
Tg,standard whereas the midpoint Tg values of the MAPLE-deposited
glasses were∼Tg,standard+37–42K.
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Figure 2 | Structure and elasticity of MAPLE-deposited PMMA films. a,b, Temperature-dependent WAXS patterns of standard (a) and MAPLE-deposited
PMMA (Tsubstrate= 311 K) (b) . Abrupt leftwards shifts in the curve near the peak, an indication of the glass-to-liquid transformation, occurred at
approximately 369 K and 397 K, for standard and MAPLE-deposited PMMA, respectively. c, Temperature-dependent longitudinal adiabatic sound velocity
obtained from the BLS spectra (spectra shown in lower inset) recorded in a transmission geometry (upper inset). The vertical hatched areas denote the
regions of the respective glass transition temperatures of the standard (open circles) and MAPLE-deposited PMMA (solid symbols in the shaded area).
The glass–liquid transformation was also estimated from the abrupt increase of the temperature-dependent BLS intensity caused by decreased
opaqueness of the film (lower inset) and found to be consistent with DSC measurements. Error bars represent the standard deviation.

Figure 3b plots the enthalpy curves of MAPLE-deposited glasses
for different values of Tsubstrate during deposition. All curves were
obtained on heating from well below Tg. The minimum enthalpy
difference between the MAPLE-deposited and standard glasses was
obtained atTsubstrate=311Kwhereas themaximum in the difference
was obtained at Tsubstrate = 300K. In spite of being trapped in
states of high energy, surprisingly, all glasses exhibit improved
thermal stability over the standard glass. That is, relaxation of excess
enthalpy, if at all, does not occur until temperatures higher than
Tg,standard. The thermal stability of MAPLE-deposited glasses was
strongly dependent on substrate temperature. When formed at
Tsubstrate = 308K and 311K, MAPLE-deposited glasses showed no
evidence of structural relaxation as they transformed into the liquid.

In this study, the fictive temperature, Tf, a measure of the
glass structure, of MAPLE-deposited glasses was determined using
data presented in Fig. 3b. For each sample, Tf was determined
by extrapolating the linear portion of the glass line to the point
at which it intersected with the liquid line of the standard glass.

The point of intersection between the two lines defined the
value of Tf. All MAPLE-deposited glasses exhibited values of Tf
higher than the standard glass. Figure 3c shows the influence of
Tsubstrate on the values of Tf of PMMA glasses prepared using
MAPLE. The maximum values of Tf and Tf/Tg,standard were 443K
and 1.24, respectively, at Tsubstrate = 300K. In the temperature
range investigated, a substrate temperature of∼0.79Tg,MAPLE clearly
yielded glasses with the lowest Tf.

That MAPLE-deposited glasses exhibit significantly improved
stability is made further apparent by kinetic studies of the
quasi-isothermal glass-to-liquid transformation at the midpoint
glass transition temperature by means of temperature-modulated
differential scanning calorimetry (TMDSC). In these studies, glasses
were annealed at their corresponding Tg while the heat flow re-
quired to maintain the set temperature was obtained; the reversing
heat capacity (Cp,rev) is proportional to the heat flow. Figure 3d plots
Cp,rev versus annealing time for the standard glass (black curve), the
hyperquenched glass (red curve) and the MAPLE-deposited glass
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Figure 3 | Dependence of thermal and kinetic stability of MAPLE-deposited PMMA on substrate temperature. a, Heat capacity of standard PMMA and
MAPLE-deposited PMMA samples prepared at substrate temperatures ranging from 300 K to 329 K. Lines are colour-coded with the listed substrate
temperature. b, Enthalpy curves of standard and MAPLE-deposited PMMA samples. c, Fictive temperature of PMMA samples prepared using MAPLE
plotted as a function of Tsub/Tg,MAPLE. The black curve is the glassy-state structural relaxation rate, β , of PMMA as a function of Ta/Tg,MAPLE, where Ta is
the ageing temperature18. Error bars represent the standard deviation. d, Reversing heat capacity as a function of time for PMMA samples: standard
PMMA (black curve), hyperquenched PMMA (red curve) and MAPLE-deposited PMMA at Tsubstrate= 311 K (green curve).

with Tsubstrate = 311K (green curve). As Tg for the samples could
not be determined before annealing, estimations were based on the
average of three prior measurements. Therefore, Tannealing = 359K
for the standard glass, 364K for the hyperquenched glass, and
392K for the MAPLE-deposited glass. For the standard and hyper-
quenched glasses, the time required to complete the glass-to-liquid
transformation was less than 500 s. For theMAPLE-deposited glass,
∼5× 104 s was required for the complete transformation, which
is two orders of magnitude greater than that necessary for the
standard glass. The enhancement in kinetic stability of PMMA
glasses prepared usingMAPLE is extraordinary, especially when the
difference in annealing temperatures of∼33K is considered.

Stable polymeric glasses formed using MAPLE are uniquely
different from molecular stable glasses formed using PVD.
Although both types of glasses show exceptional thermal and kinetic
stability, structurally, they are different. Stable polymeric and
molecular glasses exhibit lower and greater densities, respectively,
compared with the analogous standard glass. Furthermore, stable
molecular glasses can show anisotropy in film structure19; whereas
stable polymer glasses do not, as evident from BLS measurements
performed normal and parallel to the film surface. We suggest that
the structural differences are a result of differentmechanisms of film
formation. In the formation of stable molecular glasses, slow depo-
sition rates coupled with an enhanced surface mobility within the
first few nanometres of a film’s surface have been postulated as the
mechanism of stable glass formation; that is, these two parameters
give themolecules extra time to configurationally rearrange towards
equilibrium and densify6. We note that both experiments20–22 and
simulations23,24 suggest that glasses possess a layer of enhanced

mobility at the free interface. Furthermore, the dependence of
stable glass formation on growth rate and substrate temperature
provides significant credibility to the proposed mechanism8,9, as do
recent simulation studies showing that surface molecules are able
to sample the energy landscape more effectively than those in the
interior25 and that stable glasses exhibit a distinct layered structure
due to reorganization in the enhancedmobile layer26.

The formation of stable polymer glasses using MAPLE is
markedly different. We propose that film formation proceeds by
the assembly of nearly spherical polymer nanoglobules27,28. Using
MAPLE, glasses are formed by the slow deposition of polymer
from a frozen target. At low solution concentrations, per laser
pulse, tens to thousands of polymer chains may depart the frozen
matrix in the same time interval29. With the sudden attainment
of sufficiently high energy, we propose that clusters of polymer
chains collapse into stable globules owing to solvent evaporation
during deposition and after landing on the substrate. We note
that the recent simulation studies of the MAPLE process reveal
the formation of isolated polymer/solvent clusters during transport
from the target to the substrate30. The improved stability of globules
may be due to their formation in vacuum, an environment that
should provide a strong thermodynamic force for polymer chain
collapse31,32. Moreover, there is evidence that glass formation
via concentration jumps enhances glass stability33,34. Stripping of
solvent from polymer/solvent clusters during globule formation
could effectively mimic the formation of concentration glasses,
thus improving stability. Furthermore, it has been observed that
polymer nanoglobules exhibit an enhancedTg (refs 35,36). The con-
current enhancement/reduction in stability/density, respectively, of
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Figure 4 | Morphology of MAPLE-deposited PMMA films. a,b, AFM-amplitude image (a) and cross-sectional SEM image (b) of MAPLE-deposited PMMA
film with Tsubstrate= 311 K. c, AFM images showing the temperature dependence of the nanostructured topology of MAPLE-deposited films. Although
Tg,standard= 359 K and Tg,MAPLE= 392 K, remnants of surface nanostructures are present at 398 K. d, Temperature dependence of the position of the
scattering peak from WAXS scans, and normalized film surface roughness from AFM.

MAPLE-deposited glasses could then be qualitatively explained by
the abovemechanismof glass formation. That is, whereas individual
collapsed globules could promote stability, limiting coalescence of
the globules could result in the observed low densities.

Consistent with our proposed mechanism, atomic force mi-
croscopy (AFM) surface-topology images of a MAPLE glass with
Tsubstrate = 311K show a surface structure consisting of spherical
nanoglobules (Fig. 4a). The globules range in size from ∼20 to
500 nm and would each contain a few tens to thousands of poly-
mer chains. The surface structure of the film suggests that glass
formation proceeded by the assembly of polymer globules to form
a nanostructured glass. Further evidence of the film morphology is
obtained from cross-sectional scanning electronmicroscopy (SEM)
images of the glasses (Fig. 4b). Clearly, sub surface nanoglobules
are present. The cross-sectional images also reveal that the sub
surface nanoglobules are deformed. In fact, at the polymer/substrate
interface it seems that a thin polymer layer of coalesced globules has
developed, which should promote structural integrity of the film.

We have explored the connection between globule and film
stability by probing the temperature-dependent surface melting,
that is, the coalescence of nanoglobules. Figure 4c shows that
surface melting of nanoglobules does not occur until temperatures
above Tg,standard. Although Tg,standard = 359K and Tg,MAPLE = 392K,
remnants of surface nanoglobules are still present at 398K.
Hence, the surface nanoglobules are stable at elevated temperature.
Figure 4d compares the temperature dependence of theWAXS peak
position and the surface roughness of a film, which is an indication
of nanoglobule coalescence. Remarkably, the temperature depen-
dences of the two variables are very similar, suggesting a strong
correlation between film morphology and nanoglobule stability.
Furthermore, non-structured standard polymer films formed using
MAPLE do not exhibit an enhanced Tg or an increase in stability.

Thus, we conclude that the global film properties are a direct
manifestation of the properties of the nanoscale building blocks
that constitute the film.

Our proposed mechanism of film formation is also consistent
with the dependence of the thermal stability of MAPLE-deposited
films on substrate temperature (Fig. 3a–c). The effect of the
substrate temperature should be twofold: it should dictate the
propensity of the globules to pack and the rate of glassy-state
structural relaxation. In the present work, Tsubstrate<Tg,standard; thus,
we classify the substrate as cold, as limited chain mobility below
Tg would impede globule packing. However, the exact value of the
sub-Tg substrate temperature is still important owing to the strong
temperature dependence of glassy-state structural relaxation22,37,
a spontaneous relaxation process that leads to densification38,39.
Indeed, for MAPLE-deposited PMMA films, the dependence of Tf
and the rate of structural relaxation on substrate temperature seem
correlated. That is, the ageing and deposition temperatures at which
PMMA exhibits the maximum ageing rates and lowest values of
Tf, respectively, are in a similar range. The black line in Fig. 3c
represents the temperature dependence of structural relaxation
for PMMA (ref. 37).

In summary, we have developed nanostructured glassy polymer
films of PMMA that exhibit enhanced thermal and kinetic stability
relative to the standard glass. We postulate that the ability to form
stable glasses, with respect to different polymers and molecular
weights, will be a general phenomenon. In practice, the properties of
MAPLE-deposited glassesmaymake themattractive in technologies
where weight and stability are central design issues. Scientifically,
as they are constructed from the assembly of nearly spherical
nanosized polymeric globules, MAPLE-deposited glasses represent
a sort of merger between polymer and colloidal glasses, the study of
whichmay lead to new insight about the glassy state.

NATURE MATERIALS | VOL 11 | APRIL 2012 | www.nature.com/naturematerials 341

© 2012 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/doifinder/10.1038/nmat3234
http://www.nature.com/naturematerials


ARTICLES NATURE MATERIALS DOI: 10.1038/NMAT3234

Methods
Materials. Poly(methyl methacrylate) (PMMA; Mw ∼ 15,000) and chloroform
(containing amylenes as a stabilizer, ≥99%) were purchased from Sigma-Aldrich
and used as received. The tacticity of PMMA was determined by NMR. A triad
ratio mm (isotactic): mr (atactic): rr (syndiotactic) of 12.38:32.38:55.24 was
calculated using the relative intensity of the peaks corresponding to the methyl
groups of the MMA units.

Matrix-assisted pulsed laser evaporation (MAPLE). PMMA films were deposited
on multiple substrates (silicon substrates for WAXS, XRR and FTIR, and silica
for other characterization purposes, see text in the following subsections). During
MAPLE deposition, a pulsed laser beam from an ArF excimer laser (Lambda
Physik COMPEX205, wavelength= 193 nm, pulse duration= 20 ns) was oriented
at an angle of 45◦ onto a frozen target rotating at 7 r.p.m. in a vacuum chamber.
The MAPLE target was prepared by dissolving 0.5 wt% PMMA in chloroform.
Subsequently, 10ml of the polymer solution was poured into an aluminium cup
and rapidly frozen using a liquid nitrogen bath. A cooling system was used to
keep the target temperature at about 180K during the deposition. In the MAPLE
experiment, the chamber was first pumped down to a background pressure of
10−5 torr. During deposition, the pressure was about 2–3×10−4 torr. PMMA
films were deposited on a desired substrate using a pulse rate of 10Hz and a laser
fluence of 0.08 J cm−2. The duration of the deposition was 1–2 h. The substrate
was mounted on a heatable stage, kept a distance of 6 cm from the target, and
the substrate temperature was held within ±0.5K of the specified temperature,
ranging from 300K to 329K. The growth rate of films in the current study was
∼0.25 nm s−1; as such, film formation occurs over a long time period. Therefore,
ample time was available to reach a steady-state temperature based on the thermal
conductivity of the film and the radiative cooling. Within experimental error, the
substrate temperature and film surface temperature are the same after sufficient
equilibration time. The thickness of the deposited film was measured by means of a
surface profilometer (Veeco Dektak IIa).

Thermal analysis. Measurements were performed on a differential scanning
calorimeter (TA Instruments Q2000). The MAPLE-deposited material on glass
slides was collected carefully using a razor blade and subsequently transferred
into a differential scanning calorimeter pan. The glass transition temperature
of MAPLE-deposited PMMA was determined from the heating process with
a temperature ramp rate of 20 Kmin−1. We note that the glass transition
temperature should be determined on cooling, but such a protocol is not
possible with stable polymer glasses. For the isothermal glass-to-liquid kinetic
study, temperature-modulated DSC was used. The reversing heat capacity
(Cp,rev) as a function of annealing time was measured at the glass transition
temperature with a modulation rate of ±0.5K/60 s. All DSC characterizations for
MAPLE-deposited PMMA, standard PMMA and hyperquenched PMMA were
performed on bulk samples.

Wide-angle X-ray scattering (WAXS). WAXS scans were carried out using a
Bruker D8 Discover diffractometer with a CuKα radiation source (wavelength
λ= 0.154 nm). The supply voltage and current were set to 40 kV and 40mA,
respectively. Samples prepared using MAPLE were deposited onto Si (5 1 0) wafers
(Gem Dugout, 25mm by 25mm, 1mm thick, polished one side). This crystal
orientation of Si wafer was chosen owing to limited scattering within the angle
range used in this study. A long Soller slit (0.12◦) and a 0.6-mm-wide receiver
slit were used during the experiment. Samples were scanned from 3◦ to 36◦ with
a step size of 0.1◦ at a scan speed of 3 s per step. To determine the value of Tg,
the WAXS tests were performed from room temperature to 450K with varying
temperature increments. The raw data were smoothed and plotted together for
comparison; no further corrections were applied to the data. WAXS testing was also
performed on a spin-coated 600-nm-thick PMMA film (of thickness comparable
to the films from MAPLE) as a function of temperature. The experimental
settings were the same as described above. The film was spun-cast from a toluene
solution (5.0 wt% PMMA) onto a Si (5 1 0) wafer at a speed of 800 r.p.m. for
1min. The film was dried under vacuum at Tg,standard (359K) for 12 h before
the WAXS experiments.

Brillouin light scattering (BLS). We have employed a particular transmission
scattering geometry18 for which the phonon wave vector q is parallel to the film
plane and its magnitude q= (4π/λ)sin(θ/2) is independent of the refractive index
and the longitudinal sound velocity cL = 2πf /q, where λ= 532 nm is the laser
wavelength in vacuum and θ(=90◦) is the scattering angle. A high-resolution
six-path tandem Fabry–Perot interferometer and a light-scattering set-up allowing
for both q and temperature variations were used to record the BLS spectra at
hypersonic frequencies. The polarization of both the incident laser beam and the
scattered light was selected to be perpendicular to the scattering (sagittal) plane
to measure the polarized BLS spectra and obtain cL. Temperature-dependent
BLS spectra were recorded by placing the substrate-supported glass films into a
heating chamber, and the samples were heated from room temperature to 423K
in multiple steps. For each measurement the sample was stabilized for about
15min before recording the BLS spectrum, which was acquired over about 20min.

Owing to the turbidity of the MAPLE-deposited glasses, BLS spectra could be
recorded at temperatures only above∼360K. On the other hand, access to the BLS
spectra of the MAPLE-deposited glasses at ambient temperatures was enabled by
quenching these films from T ∼Tg,standard to room temperature (see, for example,
the lower inset of Fig. 2c).
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