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ABSTRACT: Physical vapor deposition (PVD) is a method of glass formation in
which molecules utilize enhanced mobility at the free surface to reach highly
equilibrated amorphous states. Codeposited glasses, made by simultaneously
depositing more than one type of molecule onto the same substrate, are of
technological and fundamental interest. Here, we use PVD to codeposit glasses of
methyl-m-toluate (Tg = 170.0 K) and methyl acetate ( T, = 113.5 K), two molecules
with extremely high contrast regarding their glass transition temperatures, T,. For all
compositions, we observe a delayed return to the equilibrium liquid when
codeposited glasses are heated above the T, of the mixture, as quantified by the
onset temperature for the glass transition. When compared using normalized onset
temperatures, the codeposited glasses have high kinetic stabilities that are only
slightly lower than those of PVD glasses of the pure components. These results are
readily interpreted if we assume that the surface mobility of the two components is

...

000 > .
S s
“ o e
o

€" + constant

« As-Deposited Glass
« Supercooled Liquid

100 120 140 160 180
Temperature (K)

similar during codeposition, despite the large ratio of T, values for the pure components. Additionally, we deposit bilayer samples
and measure the rate at which the lower T, component dissolves glasses of the high T, component for both highly stable and liquid-
cooled glasses. Under these conditions, glass stability has little impact on the rate of dissolution.

1. INTRODUCTION

Low molecular weight organic glasses are a class of disordered
materials analogous to organic liquids, except that they are at
such low temperatures that the molecules lack the mobility
necessary to rearrange on the time scale of observation. As
glasses, they are inherently out-of-equilibrium materials.
During isothermal annealing, they continuously evolve toward
the supercooled liquid in a process called structural recovery or
physical aging.' ™

Despite their out-of-equilibrium status, glasses are useful
materials for a variety of applications, including organic
electronics®™"" and pharmaceuticals.">™"® For many applica-
tions, glasses with high density and low enthalpy are
advantageous; molecular rearrangements in such materials
are slow, and thus glass properties remain more consistent over
time. High-density and low-enthalpy glasses are also of
scientific interest, as they provide information about the
ultimate properties of glasses and a potential thermodynamic
transition to a new state of matter: the ideal glass.'”™*
Unfortunately, the preparation of such high-density and low-
enthalpy glasses through traditional means would require
thousands of years or longer.”>***’

An alternative way to quickly make glasses with high density
and low enthalpy was discovered in 2007.”* This method
involves physical vapor deposition (PVD), whereby molecules
are deposited inside a vacuum chamber onto a substrate held

© 2025 American Chemical Society

7 ACS Publications

6345

at a temperature not far below T,. The molecules are able to
make use of enhanced mobility at the free surface”~** during
deposition in order to quickly rearrange into configurations
that are close to equilibrium for the temperature of the
substrate and are then subsequently locked into that
configuration by the arrival of further molecules onto the
same surface. Reaching comparable density and enthalpy with
a liquid-cooled glass through physical aging would take a very
long time, with estimates typically falling into the range of
hundreds to millions of years.””***’ In comparison, PVD can
form films with these properties in less than an hour.
High-density and low-enthalpy glasses have several unique
characteristics that separate them from liquid-cooled glasses of
the same materials, including high kinetic stability. When such
glasses are heated continuously at a constant rate, they return
to equilibrium more abruptly and do so at a higher
temperature, characterized as an onset temperature, compared
to their liquid-cooled counterparts.”'”****~* Similarly, if a
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highly stable glass is annealed isothermally above Ty, it can take
as long as 10° 7, to return to equilibrium, where 7, is the
characteristic relaxation time for the supercooled liquid at that
temperature. In contrast, liquid-cooled glasses subjected to the
same thermal profile typically return to equilibrium in a few
7,.”° The onset temperature normalized to T, and isothermal
transformation times normalized to 7, are commonly used to
characterize and compare the stability of glasses.*’ ™"

Further observation of a highly stable glass during its slow
isothermal transformation to the liquid reveals a different
mechanism of transformation in comparison to that of the
liquid-cooled glass. Highly stable glasses initiate a growth front
of supercooled liquid at the free surface due to the enhanced
mobility.***” These fronts of supercooled liquid propagate at a
constant rate through the film, eventually transforming the
entire sample. However, if the initiation of such a front is
suppressed by a capping layer of a higher-T, material, or if the
film is thicker than a material-specific characteristic crossover
length, a second, bulk, transformation mechanism will
eventually intervene to transform the glass, relaxing the
remaining material through the “nucleation” and growth of
bubbles of supercooled liquid throughout the sample.*¥*>>~5¢
Highly stable glasses also resist other types of transformations
beyond thermal rejuvenation. Chemical transformations of the
molecules within the glass, initiated either by light’”® or by
permeation of a gas,'”>” proceed much more slowly in highly
stable glasses compared to liquid-cooled glasses.

To date, fundamental work on PVD glasses has focused on
films made of a single component. Codeposited glasses,
mixtures formed by simultaneously depositing more than one
component, are particularly relevant to applications in organic
electronics. For example, in organic light-emitting diodes,
typically an emitter molecule is codeposited with a host
molecule; it has been shown that tailoring the deposition
conditions of that mixed %lass can improve the lifetime and
efficiency of the device.®'"®" Previous work on codeposited
mixtures has usually involved materials with similar T,
values,® 7% sometimes even isomers of the same molecule,“sﬁ/§
or rather dilute regimes.”® For a pair of materials with rather
different T, values codeposited onto the same substrate, the
two types of molecules might be expected to have quite
different surface mobilities. This has been observed in bulk
systems for several so-called dynamically asymmetric mixtures,
where the molecules have separated relaxation times and T,
values despite remaining well-mixed.®>~% In a codeposition of
two molecules with quite different T, values, the surface
equilibration mechanism might not be effective. One might
imagine that stable glass formation would not be possible if
only molecules of the lower T, component had high surface
mobility during deposition.

In this work, we codeposited two types of molecules,
methyl-m-toluate (MMT) and methyl acetate (MeAc), that are
structurally similar but have T, values that differ by more than
50%. Codeposited glasses of all compositions showed high
kinetic stability, similar to that observed for the pure
components. Successful stable glass formation is consistent
with the view that, during codeposition, the two components
have similar surface mobilities, even for quite large T,
differences. Additionally, the transformation of the codeposited
stable glasses shows both surface-initiated fronts and a bulk
transformation mechanism, consistent with previous observa-
tions for single-component PVD glasses. Finally, the rates of
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dissolution of stable and liquid-cooled glasses of MMT into
liquid MeAc were compared.

2. METHODS

2.1. Vapor-Deposited Samples. Liquid samples of
methyl-m-toluate (MMT, 98%, 150.18 g/mol, 1.062 g/mL,
T, = 170.0 K) and methyl acetate (MeAc, 99%, 74.08 g/mol,
0.934 g/mlL, T, 113.5 K, as established below) were
purchased from Alfa Aesar and Thermo Scientific, respectively,
and were each used as received. Vapor deposition took place
within a custom-built vacuum chamber with a characteristic
base pressure below 10™° Torr, as has been described
previously.'”?7#74%05770 The temperature of the substrate
was controlled by competition between cooling from a liquid-
nitrogen-filled cold cup and heating from a cartridge heater
near the substrate. The temperature was monitored continu-
ously by a three-wire RTD near the substrate, which was
accurate to within 0.5 K based on a comparison of dielectric
spectra of the supercooled liquid of MMT with literature
data.>"”!

Stainless-steel crucibles containing MMT and MeAc were
attached to the exterior of the deposition chamber through,
first, a gate valve and then a fine leak valve. Deposition rates
were set for each component independently prior to each
codeposition. This method resulted in a small layer of nearly
pure MMT (less than 15 nm) at the top and bottom of each
(>S5 pm) film. Total deposition rates were in the range of 1—3
nm/s, depending on the target composition; MMT-rich
mixtures were on the lower side, while MeAc-rich mixtures
were on the higher side of this range. A variety of target
compositions was chosen such that the range from 6 to 97%
MMT by volume was explored. For each composition regime
(majority MeAc, roughly 50/50 MMT:MeAc, and majority
MMT), a range of deposition temperatures was chosen to
explore the stability of the glasses formed.

Films of all compositions were deposited onto an IME
1025.3-FD-Pt-U interdigitated electrode (IDE) cell manufac-
tured by ABTECH Scientific, Inc., which has been described
previously.”® The cell features two independent capacitors
(Cgeo = 0.65 pF), each with a 10 ym digit width and interdigit
spacing. This allowed dielectric measurements to be conducted
in situ before, during, and after the deposition of each film. One
set of electrodes was exposed to deposition, collecting the
sample film on their active surface, while the other set was kept
covered to allow a simultaneous reference measurement of the
bare substrate. After deposition was completed, the chamber
was backfilled with dry nitrogen gas to ~100 Torr to prevent
desorption during the rest of the experiment.

Dielectric permittivities were measured using two tran-
simpedance amplifiers and a Solartron SI-1260 impedance
analyzer.”””> Permittivities at a frequency of 20 Hz were
recorded during ramping experiments to measure onset
temperatures, using a heating rate of 5 K/min. Dielectric
spectra measured at a constant temperature were also acquired
using a range of frequencies from 0.1 to 10° Hz. Although this
has no impact on any of the conclusions presented in this
article, we note that the dielectric permittivities reported here
for thin films are not independent of the sample geometry. Our
films are not thick enough to fill the entire measurement region
of the IDE, and thus the measured values are lower than the
true values (just as they would be in a partially filled parallel
plate capacitor). The dielectric permittivities reported here
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depend upon film thickness, as described in previous
work 364868

Two temperature protocols were used to characterize the
codeposited glasses. Temperature-ramping experiments (S K/
min) were used to determine the onset temperature for the
transformation of the glass (monitored at 20 Hz). The
resulting supercooled liquid was cooled below T, and then
heated to determine the 20 Hz T, (where the loss measured at
20 Hz goes through a maximum) for the liquid-cooled mixed
glass. A second temperature protocol, isothermal trans-
formations, was performed by ramping the film at a rate of
20 K/min from the deposition temperature to the annealing
temperature. The dielectric constant was monitored at a pair of
frequencies during annealing until it reached a constant value.
Additionally, two full dielectric spectra were recorded at the
annealing temperature upon the conclusion of the trans-
formation to characterize the 7, of the mixture at that
temperature. After the transformation was completed, the
experimental 20 Hz T, was recorded for each film on cooling
to the liquid.

2.2. Bulk Samples. For comparison with the vapor-
deposited samples, bulk mixtures of MMT (Acros Organics,
99%, distilled) and MeAc (Sigma-Aldrich, 99.5%) were
prepared with MMT concentrations of ~20 to 100% by
weight, using a microbalance scale to determine composition
(bulk samples of neat MeAc could not be studied due to
crystallization). To inhibit a change in composition due to
differential evaporation of the components, the samples were
kept in closed containers and processed rapidly. To facilitate
mixing, MMT:MeAc samples were subjected to an ultrasonic
bath for a minimum of 1 min. All samples were clear, colorless
liquids, and no visible signs of component segregation were
observed in exemplary samples after 24 h at room temperature.
As an additional test of miscibility, a set of 2 mL samples of
selected compositions (0%, 10%, 33%, 50%, 66%, 90%, and
100% MMT by volume; MMT from Alfa Aesar and MeAc
from Thermo Scientific) were prepared and stored for several
days at 195 K to test miscibility at lower temperatures. Visual
observation confirmed that these samples remained well-mixed
liquids throughout that time, with the exception of the 90%
and 100% MMT samples, which crystallized at this temper-
ature.

For each of the bulk MMT:MeAc mixtures, a parallel plate
capacitor (stainless steel, diameter = 16 mm, plate separation =
180 um) was filled with the sample and immediately sealed
before being placed in a cryostat (Novocontrol Quatro,
temperature resolution AT = 0.1 K). To avoid crystallization,
the sample cell was rapidly cooled to below the glass transition
temperature of the sample. Dielectric spectra were captured at
selected temperatures during heating, with a minimum of §
min of stabilization time at each temperature, utilizing a
Solartron SI-1260 frequency response analyzer with a Mestec
DM-1360 transimpedance amplifier.

These bulk measurements provided a determination of the
20 Hz T, values as a function of composition, which were used
to determine the actual composition for each vapor-deposited
sample. The actual composition determined by this route
typically agreed with the target composition based on the
deposition rates within ~10%.
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3. RESULTS: REFERENCE DIELECTRIC
MEASUREMENTS ON NEAT MEAC AND BULK
MIXTURES OF MMT:MEAC

To allow better interpretation of the results obtained for
codeposited glasses of MMT:MeAc, we first conducted
experiments on neat MeAc films and bulk mixtures across
the range of compositions. Dielectric spectroscopy results for
neat MMT have been previously published.”®

3.1. Supercooled Liquid of Neat MeAc. Due to the
difficulty of avoiding crystallization of MeAc upon cooling
from the bulk liquid, we studied glasses and supercooled
liquids of MeAc formed through vapor deposition. Deposition
of neat MeAc below T, resulted in the formation of stable
glasses for a wide range of deposition temperatures; these
results will be summarized below. In this section, we focus on
the properties of the supercooled liquid of MeAc that was
formed by heating PVD glasses above T,

The top panel of Figure 1 shows dielectric loss spectra
obtained for the supercooled liquid of MeAc at temperatures
from 114 to 121 K. For the 120 and 121 K cases, it is apparent
that the sample started to crystallize. The characteristic
relaxation time for each temperature, which we will refer to
as 7, for this analysis, was calculated from the frequency at
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Figure 1. Top: Dielectric loss spectra were obtained for the
supercooled liquid of MeAc. A single spectrum was collected at
each temperature. The highest two temperatures, 120 and 121 K,
showed a loss of intensity due to crystallization and were not included
in further analysis. Bottom: VFT fit to the extracted 7, values as a
function of inverse temperature, with parameters A = —6.92, B =
74.90 K, and T, = 105.08 K.
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which the maximum loss occurs: 7, = 1/(27f .x). The second
panel of Figure 1 shows a fit of log(z,/s) as a function of
inverse temperature, using the Vogel—Fulcher—Tammann
(VFT) function, log,o(z4/s) = A + B/(T — TO). By
extrapolation, this analysis gave a T, value (where 7, = 100
s) of 113.5 K for MeAc. As far as we are aware, this is the first
time that a T, value has been reported for neat MeAc.

3.2. Bulk Mixtures of MMT:MeAc. A parallel plate
capacitor was used to obtain dielectric data for bulk mixtures of
six different compositions (23%, 38%, 54%, 68%, 81%, and
83% MMT by weight), as well as for neat MMT (100%) at
various temperatures near T, The dielectric loss spectra are
presented in Figure S1. The frequency of maximum loss was
used to determine values of 7, as a function of temperature, as
described above. These 7, values are displayed in Figure 2A,
along with fits based on the VFT function. The parameters for
the VFT fits are provided in Table S1.
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Figure 2. (A) Values for 7, as a function of inverse temperature for a
series of bulk mixtures of MMT and MeAc with the indicated
compositions. Solid lines are fits using VFT functions, and levels
corresponding to 20 Hz and 100 s T, values are shown as dotted and
dashed lines, respectively. (B) T values as a function of composition
for bulk mixtures of MMT:MeAc. T, values for neat MeAc from thin-
film experiments are included as the lower end point. The solid black
curves represent fits using the Gordon—Taylor function with k = 0.56.

We used the data in Figure 2A to extract the T, values as a
function of composition. Figure 2B shows both the 20 Hz T,
and the more traditional T, defined by 7, = 100 s; these two
quantities are both important for later analyses. Both sets of T,
values were fitted by a Gordon—Taylor function’* as a functlon
of the weight fraction of MMT:
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T(WMMT) =
(1 = wanver) X Tyneac + 5 X wyner X Tyainr
((1 = wyper) + kX wyper)

Here, wypy is the weight fraction of MMT, and Tyt and
Ty meac are the T, values of the neat materials. A k value of 0.56
provided the best fit to both the 20 Hz T, and 100 s T, values,
and this function was used to determine the composition of all
vapor-deposited samples based on their T, values.

4. RESULTS

4.1. Stability of Vapor-Deposited Glasses of
MMT:MeAc Mixtures and the Pure Components:
Onset Temperatures. Figure 3 shows representative

"
4~ 100% MMT & ’<
e

23

I

@ 53% MMT :z

So-

()

+

:W

e As-Deposited Glass
e Supercooled Liquid

‘ ; 140 160 180
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Figure 3. Dielectric response of vapor-deposited glasses (blue points)
obtained during heating and the response of the supercooled liquid
(purple points) obtained during subsequent cooling. Dielectric data
are shown at 20 Hz during ramping of three compositions: neat MeAc
(lower left, deposited at 0.85T,), a codeposited mixture of 53% MMT
(middle, deposited at 0.77T,), and neat MMT (upper right, deposited
at 0.80T,). Loss curves for 53% and 100% were, respectively, shifted
vertlcally by 2.0 and 3.5 to allow comparison. The lines indicate the
determination of the onset temperature for the transformation of the
as-deposited glass into a supercooled liquid. The cyan line is the fit to
the low temperature, i.e., glassy loss, while the green line is the fit to
the transformation regime. The red X marks their intersection which
defines the onset temperature.

dielectric loss data for a vapor-deposited glass of MeAc (0%
MMT) deposited at 0.85T,. The blue points show the data
obtained for the as-deposited glass at 20 Hz, with increasing
temperature at a rate of 5 K/min. At about 121 K, the loss
increases sharply, indicating the onset of transformation to the
supercooled liquid. In order to obtain consistent onset
temperatures for glasses of different stabilities and composi-
tions, two straight lines were fitted to different regions of the
data, as illustrated in Figure 3: the first in the low-temperature
(glassy) range and the second in the higher-temperature range
(mid-transformation, capturing the bulk process rather than
the surface process, which begins first). The intersection of
these two lines is a characteristic temperature for the start of
the bulk transformation process. This same procedure was
previously utilized for vapor-deposited glasses of neat MMT.°
Also shown in Figure 3 are representative data for a vapor-
deposited glass of neat MMT (deposited at 0.80T,) and for a
codeposited glass (53% MMT, deposited at 0. 77T o)
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Figure 4. Normalized onset temperature as a function of normalized deposition temperature for stable vapor—deposited glasses of neat MMT
(cyan circles), neat MeAc (magenta circles), and codeposited mixtures (circles colored according to relative composition). Lines are guides for the
eye. (A) Neat MeAc and neat MMT glasses only. (B) Data for the codeposited mixtures, with the pure component trends included for reference.

For all three data sets in Figure 3, after the complete
transformation of the initially prepared stable glass, dielectric
data of the supercooled liquid were obtained by cooling the
sample at S K/min (purple points). The temperature of
maximum of the purple data points is 20 Hz T,. The delayed
dielectric response of the as-deposited glass relative to the
supercooled liquid is a direct measure of the high kinetic
stability of the as-prepared glasses.

A convenient way to compare the stabilities of different
vapor-deposited glasses is shown in Figure 4. In both panels,
the y-axis is the onset temperature divided by the 20 Hz T;
this is a normalized measure of the kinetic stability of the as-
deposited glass. In both panels, the x-axis is the substrate
temperature normalized to the 20 Hz T; this reduced
substrate temperature has been shown to be the most
important parameter in determining the stability of vapor-
deposited glasses.”*’”

Figure 4A compares the kinetic stabilities of the vapor-
deposited glasses of the two pure components. Qualitatively
similar results are observed for MMT and MeAc glasses. In
both cases, the kinetic stability is maximized for deposition
near 80% of 20 Hz T,. As discussed in previous work, kinetic
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stability at higher substrate temperatures is limited by the low
thermodynamic driving force, while kinetic stability at lower
substrate temperatures is limited by the lack of sufficient
surface mobility. The maximum stability occurs at a temper-
ature where equilibration can substantially enhance stability,
and surface mobility is sufficient to allow substantial
equilibration.

Figure 4B adds kinetic stability data for codeposited glasses
to the results for the pure components (now represented only
by the trend lines), using the same axes scaling as Figure 4A.
All the codeposited samples are represented by stars, with the
color of the star indicating the composition of the mixture. The
solid black curve shows the trend of the stability data for the
codeposited glasses. The codeposited glasses all follow the
same stability trend with deposition temperature as the neat
materials, regardless of composition. This suggests that the
surface equilibration mechanism that describes single-compo-
nent stable glass formation is also responsible for the stability
of the MMT:MeAc mixed glasses.

As a note, this stability data for the codeposited glasses of
MMT:MeAc is presented in Figure 4 in an unconventional
format, requiring some additional explanation. In previous
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work on vapor-deposited glasses, the 100 s T, value has been
conventionally used for normalization; this is in contrast with
the 20 Hz T, values utilized for normalization in Figure 4. We
chose the 20 Hz values in this figure because these are either
directly measured (for vapor-deposited glasses) or readily
available via interpolation (for the reference data shown in
Figure 2A). In contrast, the 100 s T, values for these samples
are available only by extrapolation, which necessarily involves
additional error in the plot. Since these values are useful for
comparisons with other published work on single- and
multicomponent PVD glasses, we perform this extrapolation
in order to report the conventionally normalized values for the
same data presented in Figure 4, shown in Figure S.
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Figure 5. Onset temperatures for codeposited glasses of MMT and
MeAc (circles, colored according to relative composition) as a
function of deposition temperature, with both axes normalized to
their respective 100 s T, values. Onset temperatures for glasses of neat
MMT and MeAc are represented by the solid-colored trend lines.

The representation of the stability data in Figure S allows us
to make several important comparisons. For all of the samples,
the most stable glasses have T,,/T, values in the range of
1.06—1.09. This is the same range observed previously for
highly stable single-component glasses,"”****~7%7¢ 50 we
conclude that codeposited mixtures of MMT:MeAc show
very high kinetic stability. We note that the neat MMT and
MeAc glasses show two distinct trends with the deposition
temperature, in contrast to the very similar trends shown for
the 20 Hz T, data in Figure 4. This different appearance of the
two figures is due to the difference in the fragilities of the
liquids. MMT is a strong glass-forming liquid, meaning that the
temperature dependence of its relaxation times is close to
Arrhenius behavior. MeAc, on the other hand, is a more fragile
glass-forming liquid, and its relaxation times are more strongly
dependent on temperature. Figure 4 more accurately compares
the stabilities of the neat glasses because the onset temperature
is approximately equal to the 20 Hz T,. We note in Figure S
that mixed stable glasses closer in composition to pure MeAc
have stabilities similar to neat MeAc glasses, while those mixed
glasses closer in composition to pure MMT are more similar to
neat MMT glasses; this feature is also related to the different
fragilities of the mixtures; see Table SI.

4.2, Stability of Vapor-Deposited Glasses of
MMT:MeAc Mixtures: Isothermal Transformation. In
addition to the temperature-ramping experiment described
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above, stable codeposited glasses were also transformed
isothermally. Isothermal transformation allows for the
measurement of the transformation time, which is a very
direct characterization of kinetic stability. In addition, as will be
discussed below, such experiments allow for the identification
of surface and bulk contributions to the transformation.
Figure 6 shows a typical experiment in which both the real
and imaginary values of the complex dielectric permittivity
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Figure 6. Real (blue and green) and imaginary (orange and red)
components of the dielectric response measured at 8 and 42.17 Hz,
respectively, during the isothermal transformation of a mixed stable
glass at 124 K. The glass sample was 700 nm thick and 19.3% MMT
by volume, deposited at ~0.85T,. Deposition was conducted so that
the film was not capped by MMT at the free surface. The violet
dashed line is a fit to the region where the surface-initiated growth
front mechanism is dominant.

were monitored at two different frequencies during the
isothermal transformation of a stable codeposited glass; these
values are normalized to their initial and final values to reflect
only the change due to the transformation from the stable glass
to the supercooled liquid. The x-axis in Figure 6 is time
expressed in units of 7, at the experimental temperature. As
shown in the figure, the four dielectric quantities superpose
well, which is consistent with a two-state picture of the
transformation. That is, at any given time, all the material
contributing to the dielectric response is either in the stable
glass state or in the supercooled liquid.””

The data in Figure 6 show two transformation regimes. At
short times, the transformation proceeds linearly, as shown by
the fit represented by the violet dashed line. Based upon
previous work on single-component systems, we interpret this
to indicate that a front of supercooled liquid is growing into
the stable glass from the free surface at a constant
velocity. ® #7871 The velocity of the growth front is
about 0.1 nm/7, which can be expressed as roughly 0.15
molecular diameters/z,. Previous work has shown that fronts
propagate even more slowly in the most stable single-
component PVD glasses, ~0.02 molecular diameters/7,, and
the value obtained here would indicate that this codeposited
glass of MMT:MeAc is moderately stable.****%**%* At times
longer than about 1300 7,, the transformation shown in Figure
6 occurs more rapidly than was expected for the surface
transformation front. Based upon previous work on single-
component systems, we interpret this as a bulk transformation
process in which bubbles of supercooled li_c%uid are formed and
then grow in the interior of the film,*°%>307%7%83
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We can further test the transformation mechanism for the
codeposited stable glasses of MMT:MeAc by manipulating the
deposition procedure. In Figure 7, we show an isothermal
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Figure 7. Normalized real (blue) and imaginary (orange)
components of the dielectric response measured at 20 Hz during
isothermal transformation of a 2.4 ym thick glass that is 31% MMT by
volume during annealing at 129 K. This film was deposited at
~0.82T,. The green dashed line is a fit to the real component using
the Avrami model with K = 4.71 X 107 s™* and m = 2.62. The fit to
the imaginary component (not shown) is essentially the same shape.

transformation experiment on another codeposited glass. For
comparison, this sample is thicker than the one studied in
Figure 6 and is also capped by a thin layer of MMT. Both of
these changes are expected to suppress the surface-initiated
transformation during isothermal annealing.**”*** Consistent
with this expectation, essentially no initial linear transformation
process is observed in Figure 7. The sigmoidal shape of the
transformation curve is qualitatively consistent with previous
work on single-component stable glasses;****¥°%** we return
to this point below. The transformation shown in Figure 7
required roughly 3000 7, to complete. In comparison to
previous work on single-component systems, this value
indicates that this glass is reasonably stable, if somewhat less
stable than the most stable glasses ever regorted (which can
take times in excess of 10° 7,).*>*93787%8% Eor further
context, we note that liquid-cooled glasses typically have
transformation times of a few 7,

We use the Avrami model®® to analyze the transformation in
Figure 7 more quantitatively:

Y()=1-— X

Here, Y is the fraction of material transformed as a function
of time (t), and K and m are the fitting parameters. The value
of the exponent m can be used to gain physical insight into the
mechanism of transformation. Figure 7 shows an Avrami fit to
the experimental data as a dashed line, which indicates a value
of m = 2.6. Clearly, this fit does not provide a very good
description of the data. If only the first portion of the data is fit,
up to 1000 7, this first part of the transformation can be well
described with m = 4.8. In the Section S, we put this result into
the context of recent work.

4.3. Dissolution of Glasses of MMT in Liquid MeAc.
Given the miscibility of liquids of MMT and MeAc across all
tested compositions, it is of interest to observe the rate of
dissolution of MMT glass in MeAc. Specifically, we wanted to
test whether stable glasses of MMT dissolved more slowly than
liquid-cooled glasses in MeAc. Based on previous work in
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which various perturbations were used to disrupt stable glass
packin% (including temperature, gas permeation,'””” and
light’”>"), we expected the stable glass to be significantly
more robust against dissolution. However, the experimental
results do not support this expectation, as shown below.

To perform this experiment, bilayer samples were formed. A
~200 nm layer of either highly stable or liquid-cooled MMT
was prepared on the substrate, and then an ~200 nm stable
glass of MeAc was deposited on top. To characterize the
dissolution process, the temperature of each sample was cycled
twice. The initial heating ramp was performed at 20 K/min to
avoid crystallization of MeAc, and then subsequent heating and
cooling were performed at a rate of 5 K/min.

Figure 8 shows results for temperature cycling of the bilayer
samples using dielectric storage at 20 Hz to monitor the
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2.0 —— Heat 1
Cool 1
1.97 Heat 2
—— Cool 2
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E —=- Heat1l
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Figure 8. Dissolution of the MMT glasses into the MeAc liquid. Two
bilayer experiments are shown in which a stable glass of MeAc is
deposited upon either a stable glass or a liquid-cooled glass of MMT.
The y-axis shows the dielectric storage signal at 20 Hz measured
during temperature cycling of the samples. The bilayer with a stable
glass of MMT is represented by solid lines, while the bilayer with the
liquid-cooled glass of MMT is represented by dashed lines. No
normalization was performed to force alignment of these data.

transformation process. Since MMT and MeAc have similar
dipole moments, the magnitude of the storage is roughly
proportional to the number of dipoles that are mobile (relative
to the 20 Hz detection frequency). The major features of these
experiments are described as follows. During the initial heating,
a sharp increase in the storage is observed near 122 K; based
upon other experiments, this is the transformation of the stable
glass of MeAc into the supercooled liquid of MeAc. The next
feature observed in the initial heating is a gradual increase in
the magnitude of the storage starting just above 130 K; we
understand this to result from the dissolution of MMT glass
into MeAc. After the temperature ramp was reversed at 147 K,
the storage signal continues to increase until about 143 K; this
indicates continued dissolution of MMT into MeAc. Below
143 K, the signal decreases upon cooling; we interpret this as
the dynamic glass transition (at 20 Hz) for the now-mixed
liquid of MeAc and MMT, with no further dissolution upon
cooling. Consistent with this interpretation, the second
heating/cooling cycle reproduces the cooling data from the
first cooling cycle. The dynamic glass transitions (near 137 K
for both experiments) can be used to infer that the average
composition of the mixed liquids at the end of the experiments
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is about 40% MMT, indicating that some unmixed MMT may
be present at the end of the experiment, ie., the dissolution
may not be complete.

It is clear from Figure 8 that the mixing of MMT and MeAc
in the two samples is nearly identical, regardless of whether the
underlayer of MMT was a stable or liquid-cooled glass. If we
examine the data closely, for the bilayer with the liquid-cooled
glass of MMT, the transformation begins at a slightly lower
temperature (133.1 K compared to 133.7 K, with a difference
that is at the edge of our temperature resolution) and with a
slightly higher slope. While this suggests that the stable glass of
MMT may require slightly more time to dissolve in the MeAc
liquid, there is certainly no evidence that the stable glass
dissolves substantially more slowly. We discuss possible
interpretations of this result below.

While conducting these bilayer experiments, some additional
experiments were performed where bilayer samples were
annealed at temperatures above the glass transition temper-
ature of MeAc but below that of MMT. Surprisingly, the
supercooled liquids of MeAc showed different rates of
crystallization depending on the stability of the underlying
MMT glass. While this phenomenon was not explored in
detail, we have included these experimental results in Figure
S2.

5. DISCUSSION

In this paper, we show that codeposited glasses of MMT and
MeAc have all the features previously observed for highly
stable glasses of single-component systems, in spite of the 50%
difference in T, values for the neat components. For these
mixed glasses, the onset temperature for transformation into
the supercooled liquid depends upon substrate temperature in
the same manner as observed for single-component systems,
with the most stable glasses obtained for deposition at
temperatures near 0.85T,. Based on the normalized onset
temperatures, the mixed glasses of MMT:MeAc are as stable as
the pure components. During isothermal transformation,
codeposited glasses of MMT and MeAc show evidence of
both surface-initiated and bulk transformation processes that
are qualitatively similar to those of single-component stable
glasses. The isothermal transformation time is observed to be
~3000 7, a value indicating reasonably high stability.
Surprisingly, we find no difference between the rate of
dissolution for stable and liquid-cooled glasses of MMT
when MeAc is the solvent. In this section, we discuss the
implications of all of these findings.

5.1. Extension of the Surface Equilibration Mecha-
nism to a Mixed System with Large T, Ratio. The kinetic
stability demonstrated by these codeposited glasses and its
trend with deposition temperature suggest that the same
mechanism governs the stable glass formation during
deposition for both mixed and neat glasses. For single-
component systems, stable glass formation is well described by
the surface equilibration mechanism. Mobility at the free
surface of an organic glass can be many orders of magnitude
higher than in the bulk, and during deposition, this mobility
leads to rapid equilibration. A few studies of codeposited
glasses are also consistent with the surface equilibration
mech.alrlism,g’%’s8’61_64 although in these cases, the ratio of the
T, values for the two components was relatively small, in the
range of 1.0—1.15. For MMT:MeAc, the ratio of T, values is
1.5, and experiments on this system test the surface
equilibration mechanism in a new regime.
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It is somewhat surprising that the surface equilibration
mechanism works well for MMT:MeAc. Because of their
different T, values, surface mobility for the neat materials at
any common temperature would be expected to be quite
different, and these differences might well be present at the
surface of the mixed glass. For example, while deposition at
100 K yields a highly stable glass of MeAc, only a moderately
stable glass of MMT is formed at this temperature.”*>°* From
this result, we infer that surface mobility at 100 K is very high
on neat MeAc, while it is likely much smaller on neat MMT.
One might imagine that codeposition at 100 K would not yield
a stable glass if the slow mobility of MMT were to limit
equilibration.

The observation that very stable mixed glasses can be
formed for deposition near 100 K argues for an alternate
picture: On a mixed surface, the two types of molecules may
have similar surface mobilities, roughly the average of the
surface mobilities of the two pure components at that
temperature. The averaged mobility would have a temperature
dependence similar to that of the neat materials when
normalized to their respective T, values, allowing all molecules
at the surface to rearrange quickly before they are buried,
regardless of their chemical identity. This view of averaged
surface mobility has not been directly tested in experiments, to
our knowledge, but it has been previously articulated to explain
stable glass formation via codeposition of components with
more similar T, values.***"*****” The idea that component
mobilities would be highly averaged at the surface is analogous
to the averaging of bulk mobilities in MMT:MeAc mixtures, as
evidenced by the lack of distinct peaks in the loss spectra
(Figure S1). This idea is consistent with the theoretical
approach of Stevenson and Wolynes, who describe surface
mobility as a cooperative process that involves many molecules
at and near the surface.*

We are optimistic that our results can be generalized to
other mixtures, in which the components have significantly
different T, values. This may find applicability in the field of
organic electronics.

5.2. Isothermal Transformation of Stable Codepos-
ited Glasses. As shown in Figures 6 and 7, the isothermal
transformation times for mixed MMT:MeAc glasses exceed 10°
74 as expected for the formation of quite stable glasses (though
transformation times exceeding 10° 7, have been observed for
some single-component stable glass systems). In previous
work, the Avrami exponent m has been used to discuss the
mechanism of transformation into the supercooled liquid. If
thick films (or capped films) are utilized, then the surface-
initiated transformation mechanism is suppressed, and, in
principle, the Avrami exponent can be used to understand the
bulk transformation mechanism.

We briefly summarize some of the published isothermal
transformation experiments as context for our current results.
Kearns et al.®® used nanocalorimetry to characterize the
transformation of thick stable glasses of indomethacin, with the
data reasonably described with an Avrami exponent m & 4; the
exponent is consistent with random three-dimensional
nucleation of bubbles of supercooled liquid inside the stable
glass, followed by the growth of these bubbles in three
dimensions. Note that “nucleation” is used here as a
phenomenological description that does not imply the
existence of a true phase transition. Vila-Costa et al.*’ used
nanocalorimetry to study both thin (capped) and thick films of
stable indomethacin glasses, finding a good description of the
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data with Avrami exponents of 2 and 3, respectively. These
results were interpreted in terms of instantaneous nucleation of
supercooled liquid bubbles, followed by constant velocity
growth in either two or three dimensions.

Most relevantly, Kasting et al.** used dielectric relaxation to
characterize the transformation of stable glasses of trans-
decahydroisoquinoline, as well as mixtures of the cis- and trans-
isomers. The trans-isomer was well described with an Avrami
exponent m = 9; the Avrami scheme does not offer a simple
interpretation of such a large exponent. Kasting et al. also
reported that the transformation of stable glasses of mixtures of
cis- and trans-decahydroisoquinoline was not well fit by the
Avrami model, with the best fit having m = 2.5; their mixed
isomer results were qualitatively similar to those shown for
MMT:MeAc mixed glasses in Figure 7.

Recent computer simulations offer an explanation for
nonstandard Avrami exponents and more generally for
transformation curves that cannot be fit with the Avrami
model. Herrero et al.”® used molecular dynamics simulations to
analyze the kinetics of the isothermal transformation of a stable
glass formed using Swap Monte Carlo. These results clearly
show the nucleation of small bubbles of supercooled liquid,
followed by their growth and ultimately by their coalescence.
The bubbles are initially under pressure because the super-
cooled liquid is less dense than the surrounding stable glass;
this pressure slows liquid dynamics, which in turn slows the
growth of bubbles. After coalescence, the supercooled liquid
pressure drops to ambient pressure, causing the liquid
dynamics to become faster and the growth rate to increase.
This variation of the growth rate over time violates a key
assumption used to derive the Avrami equation. Thus, when
the simulation results are fit to the Avrami form, the fits are
imperfect, and the apparent exponents are too large for any
standard explanation.

We are not able to find a simple explanation for our new
experimental results in the context of these simulations or the
previous experiments. We see no reason to question the
existence of the surface-initiated transformation process
apparent for thin films (Figure 6) or the bulk transformation
process, which is dominant in thick films (Figure 7). The
simulations explain how large m values might arise, but further
work is needed to understand why they are only observed for a
subset of experimental systems. Composition fluctuations in a
mixed, as-deposited glass might possibly change the trans-
formation kinetics; such a possibility is consistent with work by
Wolynes, who indicated that the stretching exponent that
characterizes the supercooled liquid will influence the trans-
formation process.*® At this point, from the experiments, it is
unclear whether mixtures and single-component stable glasses
show transformation curves of systematically different shapes.

5.3. Dissolution of MMT Glasses in Liquid MeAc. In
the experiment shown in Figure 8, the stable glass of MMT
appears to be only marginally more resistant to dissolution into
the MeAc liquid on heating in comparison to the liquid-cooled
glass. We found this to be surprising, given previous results
showing that the isothermal transformation rate (glass to
supercooled liquid) of a single-component stable glass is of 10
orders of magnitude slower than that of the liquid-cooled
glass.45’48’49’52_56’83 In addition, the isothermal transformation
rate decreases by about a factor of 10 when transitioning from
a moderately stable to a highly stable glass.*”** These results
have been rationalized by invoking the higher energy barriers
associated with efficient packing in stable glass. We envision

~
~
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that these higher barriers should also play a role when stable
glass is dissolved by a solvent. Indeed, previous results from
Smith et al. support this conclusion.’” These authors measured
the permeation of krypton (Kr) (the “solvent” in this analogy)
into PVD glasses of toluene of varying stability. For highly
stable glasses, permeation is only observed above the onset
temperature for the transformation of the stable glass into the
supercooled liquid; Kr can move ~100 nm into a low-stability
glass while moving ~0 nm into a stable glass. Although the Kr
concentration in these experiments was too low to characterize
“dissolution” of toluene, these results strongly support the view
that the initial stages of dissolution can be significantly slowed
by a stable glass.

So why do the results in Figure 8 show very little difference
between the dissolution of stable and liquid-cooled glasses of
MMT? It is important to recognize that the 20 Hz dielectric
storage modulus shown in Figure 8 does not directly detect the
initial dissolution of MMT molecules. To illustrate this,
consider the initial transfer of MMT molecules into the MeAc
liquid at a temperature not too far above the T, value of MeAc.
Depending upon the precise temperature, this might increase
the 20 Hz storage modulus (because MMT molecules are now
mobile enough to contribute) or decrease the 20 Hz storage
modulus (because the addition of MMT molecules has slowed
the reorientation rate of the MeAc molecules relative to 20
Hz).

An additional complication is that mixing within the MeAc-
rich solution will be slowed by the addition of MMT (which
increases the solution’s Tg). This slow mixing might be the
rate-limiting step for the overall process monitored by the 20
Hz storage modulus. We can make a plausibility argument for
this scenario based upon a hypothetical isothermal experiment
using a single-component glassformer and the dimensions of
our bilayer sample. At T, (i.e, 7, = 100 s), the time required
for a transformation front to move 200 nm through a
moderately stable glass is about 2 X 10° s (assuming a
molecular diameter of 1 nm and a transformation rate of 0.1
molecular diameter/z,).* The time required to uniformly mix
a 400 nm layer via diffusion is about 8 X 10° s (assuming D =
1071 cm?/s).* As the mixing time is much larger than the
transformation time in this example, the stability of the starting
glass would have little influence on an experimental observable
that depends upon mixing after transformation.

There are possible applications where the dissolution rates
of glasses of different stabilities could be important. For
example, a stable glass of a pharmaceutical might be
advantageous in order to inhibit crystallization.”””" Once
inside the body, the dissolution rate of the glass is important.'*
For considering such applications, it would be useful to
perform an experiment where the observable can be cleanly
interpreted in terms of the concentration of the dissolved
solute.

6. CONCLUSION

In this work, we used PVD to prepare codeposited glasses of
methyl-m-toluate and methyl acetate, two molecular glass-
formers with an extremely high (50%) contrast in their T,
values. For all compositions, over a range of substrate
temperatures, we observed a delayed return to the equilibrium
liquid when the codeposited glasses were heated above the
mixture T, as quantified by the onset temperature for the glass
transition. When compared using normalized onset temper-
atures, the codeposited glasses have high kinetic stabilities that
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are only slightly lower than those of PVD glasses of the pure
components. These results are readily interpreted if we assume
that the surface mobility of the two components is similar
during codeposition, in spite of the large ratio of T, values for
the pure components. Additionally, we deposited bilayer
samples of MMT and MeAc glasses and measured the rate
at which the lower T, component dissolved glasses of the high
T, component, for both highly stable and liquid-cooled glasses.
For the dielectric observable with this sample geometry, glass
stability has little impact on the rate of dissolution. Future
experiments that cleanly separate the initial rate of dissolution
from the subsequent mixing process would be useful.
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