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ABSTRACT: Stable organic glasses prepared by physical vapor
deposition transform into the supercooled liquid via propagating
fronts of molecular mobility, a mechanism different from that
exhibited by glasses prepared by cooling the liquid. Here we show
that spectroscopic ellipsometry can directly observe this front-based
mechanism in real time and explore how the velocity of the front
depends upon the substrate temperature during deposition. For the
model glass former indomethacin, we detect surface-initiated
mobility fronts in glasses formed at substrate temperatures between
0.68Tg and 0.94Tg. At each of two annealing temperatures, the
substrate temperature during deposition can change the transformation front velocity by a factor of 6, and these changes are
imperfectly correlated with the density of the glass. We also observe substrate-initiated fronts at some substrate temperatures. By
connecting with theoretical work, we are able to infer the relative mobilities of stable glasses prepared at different substrate
temperatures. An understanding of the transformation behavior of vapor-deposited glasses may be relevant for extending the
lifetime of organic semiconducting devices.

■ INTRODUCTION
Glasses or amorphous solids are a class of materials that
intersect with many areas of technical and scientific importance.
They are used in applications such as optical fibers and organic
light-emitting diodes, where their compositional flexibility,
macroscopic homogeneity, and ease of processing make them
the material of choice. Glasses are out of equilibrium, providing
both challenges and opportunities for their use as materials.
Glasses prepared by cooling a liquid are generally only
marginally stable, and their properties can slowly evolve with
time in a process called physical aging.1,2 This can cause
problems in applications where tight performance tolerances
must be maintained. On the other hand, the nonequilibrium
nature of glasses means that many different glasses (with
different properties) can be formed with the same chemical
composition. If the process for producing a wide range of
glasses can be adequately controlled, this provides a dimension
for materials design that is absent for equilibrium materials.
Work in the last seven years has shown that very unusual

glasses of low molecular weight organic molecules can be
prepared by physical vapor deposition.3 When the substrate
temperature is held somewhat below Tg (the glass transition
temperature), “stable glasses” with unprecedented kinetic
stability can be formed.4−12 In many respects, stable glasses
have the properties expected for liquid-cooled glasses that have
aged toward equilibrium for thousands of years,13 even reaching
the density of the metastable equilibrium supercooled liquid
state far below the conventional Tg.

6 These materials also resist
transformation when heated, with the onset of the glass

transition elevated by as much as 35 K over ordinary liquid-
cooled glasses.14 Structural characterization has shown evidence
of anisotropic molecular orientation and packing that depends
upon the substrate temperature during deposition
(Tsubstrate).

5,6,15−18 Given the importance of vapor-deposited
glasses in organic electronics,16,17,19,20 it is important to
understand how substrate temperature influences kinetic
stability. For example, one could ask if kinetic stability is
controlled by the glass density. Such a connection would
facilitate optimization of vapor-deposited glasses for applica-
tions.
When a stable organic glass is heated above Tg, it eventually

transforms into the supercooled liquid by a mechanism that has
not been observed for liquid-cooled glasses. A propagating
front of mobility moves into the glass from the free surface at a
constant velocity, leaving behind the equilibrium supercooled
liquid; this process has also been described as a growth front or
a propagating transformation front.11,21−29 Here we use
“mobility front” to focus on the key difference between the
stable glass and the supercooled liquid. For the system studied
here, indomethacin (Tg = 309 K), this front can propagate up
to 1 μm into the bulk of the material24 at temperatures from Tg
up to Tg + 75 K (Tm − 50 K),28 in order to facilitate motion of
molecules trapped in the glassy state.30 This process is highly
heterogeneous; while the transformation occurs, part of the
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sample is stable glass and part is supercooled liquid.27 In
contrast, a homogeneous model reasonably describes the
transformation of a liquid-cooled glass to the supercooled
liquid; during the transformation, the entire sample has
characteristics intermediate between the initial and final
states.2,31

In this paper, we use spectroscopic ellipsometry to perform
the first real-time measurements of mobility front propagation
in a glass. We establish quantitative agreement with previous
measurements that used secondary-ion mass spectrometry
(SIMS), the only other technique that has been shown to
directly observe mobility fronts. We build upon a recently
reported method that allows simultaneous characterization of
glasses prepared at many substrate temperatures.6 We
investigate how the velocity of the mobility front depends
upon Tsubstrate, following the common thread of several recent
experiments which show that Tsubstrate affects the properties of
stable glasses.4−6,11,32 We compare the mobility front velocity
with the glass density to examine whether they are correlated,
and our results are compared to recent theoretical work.26

We find that glasses of indomethacin vapor-deposited at
substrate temperatures between 210 and 290 K (0.68Tg and
0.94Tg) show propagating mobility fronts initiated at the free
surface, and at some substrate temperatures, the front can
propagate from the substrate as well. We find that the mobility
front velocity depends significantly on the temperature of the
substrate during the deposition but does not demonstrate a
one-to-one correspondence with the glass density. As discussed
below, the mobility front velocity can be interpreted as
providing information about the molecular mobility of the
stable glasses.

■ EXPERIMENTAL METHODS

Glasses of indomethacin (>99% purity, Sigma-Aldrich), Tg =
309 K, were prepared by physical vapor deposition at a
deposition rate of 0.20 ± 0.02 nm/sec in an ultrahigh vacuum
chamber. The silicon substrate was either held at a single
temperature during deposition or at a range of temperatures
using a temperature-gradient stage.6 The substrate temperature
of temperature-gradient samples was verified by comparing to
the known optical constants of vapor-deposited indomethacin
and is consistent with previous results to ±2 K. After
deposition, the samples were annealed isothermally at either
320 or 325 K outside of the vacuum chamber; dry nitrogen was
blown over the samples during annealing on our ex-situ
temperature control stage to exclude water vapor. During
annealing, the transformation of the as-deposited glass into the
supercooled liquid was monitored using spectroscopic
ellipsometry (M-2000 V, J.A. Woollam Company). Samples
were measured at 3 incident angles; 50°, 60°, and 70° from the
normal of the substrate. Isothermal samples were measured
every 56 s while particular substrate temperatures on a
temperature-gradient sample were measured every 600 s. The
spot size of the ellipsometer (0.6 mm) is small compared to the
temperature gradient sample (32 mm). The effective temper-
ature gradient (∼1.5 K) across the ellipsometer spot is
negligible, and so we are able to independently measure
different locations, and thus different glasses, on the same
temperature-gradient sample. The temperature-gradient sam-
ples allow precise comparisons between glasses deposited at
different temperatures since all the glasses are prepared and
annealed under otherwise identical conditions. We note that

one of the Tanneal = 325 K samples is sample E from ref 6. The
data has been refit to extract the mobility front velocity.
In order to determine the position of the mobility front with

time, we interpret the ellipsometry data using an optical model
(the “front model”) that explicitly includes an interface between
the glass and the liquid. Figure 1 schematically shows the

features of the model. The glass−liquid interfaces change the
polarization of light reflected by the sample in a manner
detectable by ellipsometry because the supercooled liquid and
stable glass of a material, at the same temperature, have
different indices of refraction. When fitting data using this
model, the optical constants of the supercooled liquid (the top
and bottom layer) were fixed to values obtained at the
annealing temperature after the transformation was complete; a
homogeneous model was used for this fit. The optical constants
of the as-deposited glass (the central layer) were fixed by the
first measurement at the annealing temperature. This model
independently determines the positions of each interface at
each time step. For glasses which showed only a single mobility
front, the thickness of the stable glass layer gives the position of
the upper glass−liquid interface. For glasses with two fronts,
the thickness of the substrate-initiated supercooled liquid layer
plus the thickness of the stable layer gives the upper interface
position. Data from wavelengths of 500−1000 nm was fit using
an anisotropic Cauchy model to represent each indomethacin
layer.33 (See the Supporting Information for an example of how
the polarization of light at λ = 1000 nm changes with time
during the transformation process.) For many samples, we also
fit the data by allowing the optical constants of the stable glass
to float; this changed the mobility front velocity by less than
1%. The front model allows for the detection of a substrate-
initiated transformation front, but at many substrate temper-
atures only surface-initiated fronts were observed. Occasionally,
the model detected a thin layer of supercooled liquid near the
substrate. If this layer did not thicken with time it was
presumed to be the result of overparameterization. In such
cases, the thickness of this layer was set to zero for subsequent
fits.

Figure 1. Schematic of the experimental system. When a stable glass is
heated above Tg, the equilibrium supercooled liquid (SCL) propagates
from the free surface at a constant velocity; for glasses deposited at
some substrate temperatures, the supercooled liquid also propagates
from the substrate. As time progresses, the positions of the interfaces
evolve, but the optical properties of the supercooled liquid and stable
glass remain unchanged. The rays show the reflection of a beam of
light with the different layers in the sample. For simplicity, only the
first reflection of light traveling into the sample is shown. The
polarization of the reflected light is sensitive to the thicknesses of the
layers.
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To test whether the transformation of a stable glass could be
described as a spatially homogeneous process,31 we also fit
samples with an optically homogeneous model. This model fits
the entire organic film with a uniform index of refraction that is
permitted to change during the annealing process. For films
deposited at substrate temperatures between 210 and 290 K,
the homogeneous model failed to accurately fit the data as
measured by the root-mean-squared error (MSE),34 except
once the transformation was complete. The MSE is a goodness
of fit parameter that computes the root-mean-square difference
between the observed values of the ellipsometric observables N,
C, and S at each wavelength and the values obtained from the
best fit to the model; N, C, and S can be transformed into the
more conventional Ψ and Δ. Small MSEs indicate that the
model is better able to represent the behavior of the real
sample. As a control experiment, we observed that liquid-
cooled glasses aged for up to 3 months at 293 K were
adequately characterized by the homogeneous model during
isothermal transformation into the supercooled liquid.

■ RESULTS
Figure 2 compares the transformation of two vapor-deposited
indomethacin glasses that were prepared at different substrate
temperatures (Tsubstrate) but annealed at the same temperature.
We performed spectroscopic ellipsometry measurements
during annealing at 325 K (Tg + 16 K) and fit the data to
two models as described in Experimental Methods. With the
use of the front model that allows the existence of sharp
interfaces, Figure 2a shows the position of the glass liquid
interface during the transformation. The interface position
moves smoothly into the film from the free surface at a
constant velocity; the constant velocity behavior is not imposed
by the fitting as the data from each time is fitted independently.
This behavior is expected on the basis of previous SIMS
measurements on stable glasses of IMC.21 As discussed below,
it is consistent with a kinetic facilitation mechanism. Figure 2c
shows an analogous process but for a sample deposited at a
lower substrate temperature. The lower Tsubstrate results in two
important differences in comparison to the glass shown in
Figure 2a: (1) there is a mobility front which originates from
the substrate interface in addition to the front initiated at the
free surface and (2) both fronts propagate much more quickly
than the front in Figure 2a. We tested an alternate
interpretation of these two experiments by fitting the data
with a homogeneous model. Figure 2 (panels b and d)
compares the MSEs for these approaches and shows that the
homogeneous description of the transformation process is less
satisfactory. In combination with the good qualitative and
quantitative agreement with the SIMS results (see below),22,23

we take this to be a strong confirmation that the mobility front
model accurately describes the transformation process of these
stable glasses.
To examine the role of substrate temperature on the mobility

front velocity, in Figure 3 we show the motion of the upper
glass−liquid interface for glasses prepared at many substrate
temperatures. Because all of the materials we study here show
mobility fronts that originate from the free surface, this
provides a fair way to compare the stability of materials with
different preparations. For the least stable glass, prepared at
Tsubstrate = 213 K, the interface propagates through the entire
film in 1300 s, so that only 2 measurements can be made before
the transformation is complete. In comparison, it takes nearly
10000 s for the interface in the glass deposited at Tsubstrate = 272

K to travel a similar distance. Figure 3 strongly resembles
previous work which described the progress toward trans-
formation using reversible heat capacity measurements.35 Here,
we have the advantage of being able to directly observe the
glass−liquid interface instead of inferring its existence. We note
that all the glasses shown in Figure 3 are extremely stable with

Figure 2. Time evolution of two stable glasses isothermally annealed at
325 K. (a) A glass of indomethacin vapor deposited at 272 K. The
position of the glass−liquid interface moves into the film at a constant
velocity. Symbols show the results of ellipsometric measurements.
Filled sections of the plot show the cross section of the sample with
time; in this case, the supercooled liquid originates only from the free
surface. (b) The MSE for two types of models for the data in panel a.
Until the transformation is complete, the front model is systematically
better than the homogeneous model. (c) A glass of indomethacin
deposited at 223 K. A front of supercooled liquid is observed,
propagating from both the free surface and the substrate interfaces. (d)
The MSE for two types of models employed to fit the data in (c).
Until the transformation is complete, the front model describes the
data significantly better than the homogeneous model.

Figure 3. Evolution of the position of the upper glass−liquid interface
during annealing at 325 K, for nine stable glasses from one
temperature-gradient sample. Glasses deposited near 272 K transform
into the supercooled liquid more slowly and thus exhibit higher
thermal stability.
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respect to a liquid-cooled glass, which would require on the
order of τα = 1 s to transform into the supercooled liquid at this
annealing temperature.36

Figure 4 shows that the mobility front velocity of a stable
glass does not depend on sample thickness. Two films were

separately prepared at the same substrate temperature and
annealed at 325 K. The velocity of the glass−liquid interface is
the same in both materials, but the thicker film takes longer to
transform because the front has a greater distance to travel in
order to complete the transformation process. This result is
expected from previous work24 and serves as an important
check on the ellipsometric determination of the mobility front
velocity. Figures 3 and 4 indicate that the mobility front
velocity is useful for comparing glass stability across materials
with different preparations and sample volumes.
Figure 5 shows the velocity of mobility fronts for

indomethacin glasses prepared over a large range of substrate
temperatures, observed during annealing at two different
temperatures (Tg + 11 K and Tg + 16 K). At both annealing
temperatures, the velocity of the surface-initiated fronts (solid
points) is a minimum for glasses deposited at substrate
temperatures near 275 K (about 0.88 Tg). Below that substrate
temperature, vfront monotonically increases, becoming a factor
of 6 larger at Tsubstrate = 210 K. Larger values of vfront are also
observed for substrate temperatures above 275 K. These
measurements could not be extended to substrate temperatures
nearer to Tg as the difference in the index of refraction between
the supercooled liquid and the as-deposited glass33 is not
sufficient to be able to resolve the thicknesses of the individual
layers. The data obtained here by ellipsometry is in good
agreement with that previously reported based upon secondary-
ion mass spectrometry measurements on isotopically labeled
samples (red ★).22,23 The yellow ★ shows data for the 1515
nm film in Figure 4. This sample was deposited onto a substrate
with only a single temperature, and this result serves as a check
that all the glasses on a temperature-gradient sample evolve
independently. For samples deposited onto substrates outside
the range 243−285 K, the ellipsometry measurements also
detected mobility fronts initiated at the interface with the
substrate (open points). While the presence of these substrate-

induced fronts was reproducible, the associated front velocities
were not, as indicated by the differences among samples.
Modification of the substrate surface prior to deposition might
improve this aspect of the experiment.
Figure 6 shows an important check on the accuracy of our

fitting procedure with the front model. The symbols show the
indices of refraction for the stable glass layer as determined by
fitting with the front model during annealing at 325 K. These
are compared to previously reported values for 293 K that were

Figure 4. Evolution of the position of the upper glass−liquid interface
during annealing at 325 K for 1515 and 635 nm indomethacin glasses.
Both samples were deposited at Tsubstrate = 265 K. The two films show
mobility fronts with the same velocity. The thicker film’s glassy
fraction goes to zero quickly near 12000 s because of a competing bulk
process.24 The dashed red lines show the interface position as a
function of time for the two films and is only vertically shifted between
the two data sets. Gray points have elevated MSEs and provide only a
qualitative indication of the sample’s composition.

Figure 5. Velocity of mobility front propagation in stable
indomethacin glasses for free surface (solid points) and substrate-
initiated fronts (open points). Here we show data from two
independently prepared temperature gradient samples at each of the
two annealing temperatures. For 243 K < Tsubstrate < 280 K, only fronts
originating from the free surface were observed. Outside of this
temperature range, fronts originating from both the substrate and the
free surface were observed. Substrate-initiated fronts were slower, but
velocities were not reproducible. Red stars are previously published
results using secondary-ion mass spectrometry.22,23 The yellow star is a
sample which had only a single substrate temperature.

Figure 6. Indices of refraction for vapor-deposited glasses of
indomethacin at 325 K, as determined by fitting to the front model
during annealing (symbols). nz and nxy are the indices for light
polarized out of the plane and in the plane of the substrate,
respectively. The symbols are the indices of refraction determined
during fitting. The black lines are literature values for nxy and nz of
vapor-deposited indomethacin, reported at 293 K.6 The red line is the
index of refraction of the supercooled liquid at 325 K.
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obtained with a homogeneous model (black lines);6 at 293 K,
the homogeneous model is adequate because the trans-
formation process occurs very slowly. The good agreement
between the more complex front model used here and the
previously used homogeneous model is an indication that our
characterization of these materials is robust.
One of the goals of these experiments was to connect the

transformation behavior of stable glasses as closely as possible
to that of ordinary glasses. In this effort, we tried to measure
mobility propagation velocities at the highest possible substrate
temperatures, since vapor-deposited glasses attain the proper-
ties of ordinary glasses as Tsubstrate approaches Tg. Because
ellipsometry relies on the reflection and refraction of light at
interfaces, our ability to observe the mobility front depends on
the optical contrast between the stable glass and the
supercooled liquid. When Tsubstrate is greater than 290 K, the
index difference between the as-deposited glass and the
supercooled liquid at the annealing temperature becomes too
small to uniquely assign a front velocity.

■ DISCUSSION
Comparison to Other Experiments. The measurements

reported here are the first real-time, direct measurements of the
propagation of the mobility front in stable glasses. They also
establish ellipsometry as the only technique other than SIMS
capable of directly observing the interface between the as-
deposited glass and the supercooled liquid. While SIMS has
been used to measure mobility front velocities in previous
experiments,21−23 it is not suitable for these experiments
because of the time and expense associated with measuring a
very large number of samples. Acquiring the results reported
here with SIMS would have required approximately 600
measurements across 40 independently prepared, isotopically
labeled samples. In contrast, only six independently prepared
samples were measured by ellipsometry, and no isotopic
labeling was required. In addition, because SIMS cannot make
real-time measurements during the transformation, the
experimental procedure is significantly more complicated. A
strength of the SIMS approach which makes it an excellent
basis for comparison is that the results require less modeling
than the ellipsometry experiments. The high level of
independence between the two experiments, and the agreement
in the mobility front velocity between them, strengthens the
validity of both measurements.
The previously reported SIMS measurements23 also provide

a point of comparison for the substrate-initiated fronts observed
here at some substrate temperatures (see Figure 5). Neither the
present experiments nor the SIMS experiments reported
substrate-initiated fronts for Tsubstrate equal to 265 K. However,
in some SIMS experiments, propagation of a mobility front
toward the top surface was observed to be initiated by an
ordinary glass layer that was intentionally deposited in the film.
Sepuĺveda et al.23 reported that the mobility front moving
toward the free surface had a velocity about half the value of the
front moving away from the free surface. Figure 5 illustrates a
similar phenomenon in that fronts moving toward the free
surface (in this case initiated at the substrate) have velocities
considerably lower than fronts moving away from the free
surface. The kinetic facilitation mechanism does not seem to
provide an explanation for these observations.
Recent papers by Bhattacharya et al.11 and by Rodriǵuez-

Tinoco et al.28 introduced a new and powerful method for
understanding mobility front propagation into stable organic

glasses. Both groups used nanocalorimetry to confirm that thin
films of stable glasses transform into the supercooled liquid via
constant velocity propagation fronts, even at the very high
heating rates (and correspondingly high temperatures) of their
experiments. This method allows the mobility front velocities
to be determined over a wide range of annealing temperatures.
Rodriguez-Tinoco et al. did experiments on indomethacin
deposited at 265 K and were able to deduce the annealing
temperature dependence of the mobility front velocity up to Tg
+ 75 K. In addition, they showed that differential scanning
calorimetry experiments could be used to extract mobility front
velocities in reasonable agreement with those previously
determined by SIMS (and determined here by ellipsometry).
Rodriguez-Tinoco et al. concluded that the same mobility
propagation velocity could be obtained from films over a range
of thicknesses. We confirm these results in Figure 4 but are able
to make this comparison more directly since the ellipsometry
experiments can directly track the propagation of the mobility
front through a thin film and determine whether a substrate-
initiated front is present; in the calorimetry experiments, the
number of propagating fronts must be assumed and this
influences the calculated value of the mobility front velocity.

What Controls the Velocity of the Propagating
Mobility Front? In order to understand why the mobility
front velocity depends on substrate temperature, we have
attempted to correlate the front velocity with the density of the
glass. The idea that glass and supercooled liquid properties are
determined by density has been often utilized, for example in
“free volume” theory.37 For several polystyrene glasses, Simon
and Bernazzani showed that the instantaneous segmental
mobility of the polymer was highly correlated with the
density38 and so it is reasonable to ask if such a connection
might exist between the mobility front velocity and the density
for stable glasses. Figure 7 shows that the mobility front

velocity is imperfectly correlated with the sample density.
Between 220 and 260 K, there appears to be good correlation,
but that correlation is lost above TSubstrate = 260 K. In this
respect, vapor-deposited glasses may be more complex than
liquid-cooled glasses.
Theoretical and simulation work explain the propagation of

the mobility front into stable glasses using kinetic facilitation

Figure 7. Comparison between the mobility front velocity (nm/s) and
glass density. Δρ is the density difference between the glass in its as-
deposited state and in the liquid-cooled ordinary glass.6 Between 220
and 260 K, the density and mobility front velocity are well-correlated.
Above 260 K, that correlation is no longer valid.
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(i.e., the concept that mobility is most easily created in regions
directly adjacent to already mobile regions).30 Because the
surface has a significantly higher mobility than the bulk,39−41 a
transformation front starts at the free surface. As the front
propagates into the interior, molecules in the liquid facilitate
the liberation of molecules from the glass. Because stable
glasses have much lower mobility than liquid cooled glasses,21

the mobility present at the free surface is able to propagate far
(up to 1 μm) into the depth of a film24 before independent
sources of mobility within the film become significant. At a
microscopic level, one could view the front propagation as a
“melting” phenomenon that occurs from the interface because
the barriers for molecular rearrangement are much higher in the
interior of the stable glass.
Using random first-order transition theory, Wisitsorasak and

Wolynes have recently performed numerical calculations of the
front propagation process for stable glasses.26 Their calculations
were performed for glasses of ααβ-trisnaphthylbenzene (a
molecule that shows similar stable glass properties as
indomethacin) and reproduced the experimental mobility
front velocity within about a factor of 2. They also investigated
the extent to which the initial fictive temperature of the glass
influences the mobility front velocity. Over the 10 K range of
fictive temperatures that they investigated, no systematic
dependence was reported. Figure 5 shows that stable glasses
of indomethacin do show a systematic variation of the mobility
front velocity over the large range of substrate temperatures
investigated here, amounting to a 6-fold variation for annealing
at 325 K.
The mobility front velocity can be viewed as a sensitive

indicator of the mobility of the as-deposited glass. Wolynes has
argued that the front velocity might generally be a function of
the liquid mobility and glass mobility.42 For the experiments
shown in Figures 3 and 5, the liquid mobility is constant for all
samples transformed at a given annealing temperature. If we
accept the Wolynes proposition then the observed variation in
front velocities is a direct measure of the mobility of the glasses.
This is an important idea as the structural relaxation time in
stable glasses is so long at the deposition temperature that it
likely cannot be measured directly.13 In this view, the mobility
front velocities measured here are the first determination of the
relative mobility of stable glasses and show that mobility is
imperfectly correlated with the density.
Transformation Mechanism for Thicker Films and

Films Without Free Surfaces. For stable glasses of
indomethacin greater than ∼1 μm thick, the total time required
for the sample to transform into the supercooled liquid state
becomes independent of film thickness.24 This means that a
second transformation mechanism must be operative, in
addition to mobility fronts propagating from the surface/
interface. One aspect of this second process is seen for the
thicker film in Figure 4. The front model accurately describes
the data until the front has propagated about 800 nm from the
free surface. Beyond this point, the transformation finishes
more rapidly than expected, indicating the operation of a
second parallel transformation mechanism. Dielectric relaxation
experiments indicate that thick films of stable glasses transform
by a heterogeneous mechanism;27 at any time during the
transformation, only the as-deposited glass and the supercooled
liquid are present. From these observations, it has been inferred
that a “bulk process” can create sources of mobility in thick
stable glasses24 that grow into coexisting pockets of super-
cooled liquid and glass.5,7,27,28,30,42,43 Many questions about the

bulk process remain unanswered, including the density and
nature of the sites that initiate mobility and the rate at which
fronts propagate away from these sites. Given this uncertainty,
the mobility front velocity (as observed here for thin films) is a
better candidate for characterizing the mobility of a stable glass
than the bulk transformation time. This is analogous to using
the melting velocity of a crystal to characterize its stability
rather than the total time to remove crystallinity from a
macroscopic sample.
Glass films with no free surfaces, such as the active layers in

organic light-emitting diodes (OLEDs), are often prepared by
vapor-deposition.16,17,20 At appropriate substrate temperatures,
many of these materials will likely form stable glasses44 and
there are open questions about the transformation mechanism
in this geometry. The active layers in OLEDs are thin (30−50
nm) and are in contact on both sides with other solid films. Any
mobility front that is efficiently initiated at an interface will
likely propagate through the entire film before the bulk process
has a chance to become important. In this regime, the mobility
front velocity will completely determine the structural stability
of a glass; larger mobility front velocities may lead to faster
device failure. On the other hand, Sepulveda et al. have shown
that in transformation fronts do not necessarily originate at the
interface of a stable glass and an adjoining layer.23 If mobility at
the interfaces could be completely suppressed then the films
would exhibit enhanced thermal stability since only the slower
bulk mechanism would be active.

■ SUMMARY

We have established that the transformation process by which
mobility propagates into thin films of stable glasses can be
efficiently characterized with ellipsometry. For vapor-deposited
indomethacin, there is a wide range of substrate temperatures
for which a propagating mobility front is observable and the
front velocity depends significantly upon the substrate
temperature. There is a good correlation between mobility
front velocity and glass density over part of the range of
substrate temperatures, but this correlation fails at the highest
substrate temperatures. We corroborate previous observations
that fronts propagating toward the free surface do not travel at
the same velocity as the free-surface initiated front.23 The
mobility front velocity may provide an avenue to quantify the
molecular mobility of stable glass samples and provides a
convenient metric of glass stability for comparing different
glasses. Future experiments in this area might examine the
mobility front velocity at higher substrate temperatures, in an
effort to connect the transformation routes for stable glasses
with those observed for aged liquid-cooled glasses. An
intriguing possibility is that a surface-initiated mobility front
might be observed in a highly aged liquid-cooled glass.45

There are notable gaps in our understanding of stable glasses
that require significant experimental and theoretical work. An
important advance would be an experiment that is able to
measure the molecular mobility of a stable glass directly,
without the inferences required here. Such an experiment
would represent a significant advance toward being able to
directly connect the molecular-level properties of stable glasses
to ordinary glasses. Also of value would be experimental and
theoretical methods that are able to more fully describe the
bulk transformation process of stable glasses. Thus far, every
observation of the bulk process has been indirect, and so even
the most basic questions about the number of sites from which
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mobility propagates and the nature of these sites remain
unanswered.
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(27) Sepuĺveda, A.; Tylinski, M.; Guiseppi-Elie, A.; Richert, R.;
Ediger, M. D. Role of Fragility in the Formation of Highly Stable
Organic Glasses. Phys. Rev. Lett. 2014, 113, 045901.
(28) Rodríguez-Tinoco, C.; Gonzalez-Silveira, M.; Raf̀ols-Ribe,́ J.;
Lopeandía, A. F.; Clavaguera-Mora, M. T.; Rodríguez-Viejo, J.
Evaluation of Growth Front Velocity in Ultrastable Glasses of
Indomethacin over a Wide Temperature Interval. J. Phys. Chem. B
2014, 118, 10795−10801.
(29) Lyubimov, I.; Ediger, M. D.; de Pablo, J. J. Model Vapor-
Deposited Glasses: Growth Front and Composition Effects. J. Chem.
Phys. 2013, 139, 144505.
(30) Leonard, S.; Harrowell, P. Macroscopic Facilitation of Glassy
Relaxation Kinetics: Ultrastable Glass Films with Frontlike Thermal
Response. J. Chem. Phys. 2010, 133, 244502.
(31) Narayanaswamy, O. S. A Model of Structural Relaxation in
Glass. J. Am. Ceram. Soc. 1971, 54, 491−498.
(32) Fakhraai, Z.; Still, T.; Fytas, G.; Ediger, M. D. Structural
Variations of an Organic Glassformer Vapor-Deposited onto a
Temperature Gradient Stage. J. Phys. Chem. Lett. 2011, 2, 423−427.
(33) Dalal, S. S.; Ediger, M. D. Molecular Orientation in Stable
Glasses of Indomethacin. J. Phys. Chem. Lett. 2012, 3, 1229−1233.
(34) Woollam, J. A.; Johs, B.; Herzinger, C.; Hilfiker, J.; Synowicki,
R.; Bungay, C. Overview of Variable Angle Spectroscopic Ellipsometry
(VASE), Part I: Basic Theory of Typical Applications. SPIE Proc. 1999,
CR72, 3−28.

The Journal of Physical Chemistry B Article

DOI: 10.1021/jp512905a
J. Phys. Chem. B 2015, 119, 3875−3882

3881

http://pubs.acs.org
http://pubs.acs.org
mailto:ediger@chem.wisc.edu
http://dx.doi.org/10.1021/jp512905a


(35) Kearns, K. L.; Whitaker, K. R.; Ediger, M. D.; Huth, H.; Schick,
C. Observation of Low Heat Capacities for Vapor-Deposited Glasses
of Indomethacin as Determined by AC Nanocalorimetry. J. Chem.
Phys. 2010, 133, 14702.
(36) Wojnarowska, Z.; Adrjanowicz, K.; Wlodarczyk, P.; Kaminska,
E.; Kaminski, K.; Grzybowska, K.; Wrzalik, R.; Paluch, M.; Ngai, K. L.
Broadband Dielectric Relaxation Study at Ambient and Elevated
Pressure of Molecular Dynamics of Pharmaceutical: Indomethacin. J.
Phys. Chem. B 2009, 113, 12536−12545.
(37) Williams, M. L.; Landel, R. F.; Ferry, J. D. The Temperature
Dependence of Relaxation Mechanisms in Amorphous Polymers and
Other Glass-Forming Liquids. J. Am. Chem. Soc. 1955, 77, 3701−3707.
(38) Simon, S. L.; Bernazzani, P. Structural Relaxation in the Glass:
Evidence for a Path Dependence of the Relaxation Time. J. Non−Cryst.
Solids 2006, 352, 4763−4768.
(39) Stevenson, J. D.; Wolynes, P. G. On the Surface of Glasses. J.
Chem. Phys. 2008, 129, 234514.
(40) Zhu, L.; Brian, C. W.; Swallen, S. F.; Straus, P. T.; Ediger, M. D.;
Yu, L. Surface Self-Diffusion of an Organic Glass. Phys. Rev. Lett. 2011,
106, 256103.
(41) Brian, C. W.; Yu, L. Surface Self-Diffusion of Organic Glasses. J.
Phys. Chem. A 2013, 117, 13303−13309.
(42) Wolynes, P. G. Spatiotemporal Structures in Aging and
Rejuvenating Glasses. Proc. Natl. Acad. Sci. U.S.A. 2009, 106, 1353−
1358.
(43) Swallen, S. F.; Kearns, K. L.; Satija, S.; Traynor, K.; McMahon,
R. J.; Ediger, M. D. Molecular View of the Isothermal Transformation
of a Stable Glass to a Liquid. J. Chem. Phys. 2008, 128, 214514.
(44) Kearns, K. L.; Na, H.-Y.; Froese, R. D.; Mukhopadhyay, S.;
Woodward, H.; Welsh, D.; De Vries, T.; Devore, D.; Trefonas, P.;
Hong, L. Molecular Orientation, Thermal Behavior and Density of
Electron and Hole Transport Layers and the Implication on Device
Performance for OLEDs. In SPIE Organic Photonics and Electronics; So,
F., Adachi, C., Eds.; International Society for Optics and Photonics:
Bellingham, WA, 2014; p 91830F.
(45) Hocky, G. M.; Berthier, L.; Reichman, D. R. Equilibrium
Ultrastable Glasses Produced by Random Pinning. J. Chem. Phys. 2014,
141, 224503.

The Journal of Physical Chemistry B Article

DOI: 10.1021/jp512905a
J. Phys. Chem. B 2015, 119, 3875−3882

3882

http://dx.doi.org/10.1021/jp512905a

