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Abstract
In situ AC nanocalorimetry was used to characterize vapor-deposited glasses of six mono- and di-alcohol
molecules. Benzyl alcohol glasses with high kinetic stability and decreased heat capacity were prepared.
When annealed above the glass transition temperature Tg, transformation of these glasses into the
supercooled liquid took 103.4 times longer than the supercooled liquid relaxation time (). This kinetic
stability is similar to other highly stable organic glasses prepared by vapor deposition and is the first
clear demonstration of an alcohol forming a stable glass. Vapor deposited glasses of five other alcohols
exhibited moderate or low kinetic stability with isothermal transformation times ranging from 100.7 to
102. This wide range of kinetic stabilities is useful for investigating the factors that control stable glass
formation. Using our current results and literature data, we compare the kinetic stability of vapor
deposited glasses prepared from 14 molecules and find a correlation with the value of  at 1.25 Tg. We
also observe that some vapor-deposited glasses exhibit decreased heat capacity without increased
kinetic stability.

Introduction
Physical vapor deposition can be used to prepare glasses with high kinetic stability, known as
stable glasses.1–9 When heated, stable glasses retain their glassy structure until temperatures well above
Tg.1–6 Additionally, if a stable glass is annealed at a temperature Tanneal above Tg, the transformation into
the supercooled liquid can take 105 times longer than the supercooled liquid structural relaxation time
((Tanneal)).1,6–9 For comparison, a liquid-cooled glass transforms in roughly 1  in such an annealing
experiment. The formation of stable glasses is thought to be enabled by enhanced surface mobility of
molecules at temperatures below Tg.1,10,11 During deposition at temperatures near 0.8 Tg, molecules at
the surface of a growing film have enough mobility to find low energy packing configurations. After
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being buried by further deposition, these configurations have high barriers to rearrangement, leading to
the high kinetic stability observed in experiments. When compared to liquid-cooled glasses, stable
glasses can also have lower enthalpy,1–4 lower molar volume,1,12–15 and lower heat capacity.6,16 Since
their discovery in 2007, stable glasses have been prepared from 28 organic molecules.1,2,6,7,9,12,14,15,17–23
The properties of stable glasses have also been qualitatively replicated in simulations.24–29
Despite the many molecules that have been used to prepare stable glasses by vapor deposition,
there have been a few cases in which stable glass formation has not occurred in the expected range of
substrate temperatures. Some molecules crystallize too readily to prepare vapor-deposited glasses.20
Other molecules, when vapor deposited using conditions expected to yield stable glasses, yield glasses
with low kinetic stability.30–33 For this paper, it is useful to define a “stable glass forming ability” which is
analogous to glass forming ability. While glass forming ability might be assessed by determining whether
or not crystallization occurs when cooling at a given rate, stable glass forming ability can be assessed by
comparing the kinetic stability of vapor-deposited glasses prepared at a given deposition rate.
One proposed indicator of stable glass forming ability is supercooled liquid fragility. There are
many ways to characterize how the temperature-dependent dynamics of a liquid deviate from Arrhenius
behavior, but fragility is most often expressed by the fragility index m.
𝑚=

𝑑 log(𝜏𝛼 )
|
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Yu and Samwer deposited glasses of a metallic alloy with a low value of m and reported enhanced
kinetic stability.30 However the transformation temperature upon heating was only about 1.02 Tg in
comparison to the value of 1.05 Tg that has often been observed for stable glasses of organic
molecules.6,9,19,20,23,34–36 Yu and Samwer reported a moderate correlation between the transformation
temperature of the vapor-deposited glasses and the fragility index m of the corresponding supercooled
liquid. Molecules with larger values of m generally produced glasses with higher transformation
temperatures relative to Tg.30 At about the same time, Ishii and co-workers found a correlation between
m and the ability to form dense glasses via physical vapor deposition. In particular, two molecules with
relatively low m, ethylcyclohexane (m = 57) and butyronitrile (m = 56) were reported not to form dense
glasses.13 Given the common correlation between kinetic stability and density in stable glasses, one
might expect based upon this that low m molecules would not be able to form stable glasses.37
However, it was later established that vapor-deposited glasses of methyl-m-toluate (m = 60) and
ethylcyclohexane (m = 57) can exhibit high kinetic stability.7,9,22 At present, glasses with high kinetic
stability have been prepared from molecules with m ranging from very high (m = 146)20 to moderately
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low (m = 57)9,22. Thus it seems unlikely that m is a good predictor of stable glass forming ability in this
range. However, it has been argued that substances with very low values of m (approaching the strong
liquid limit of m = 16) will not be able to form stable glasses.38
Molecules with extensive hydrogen bonding, particularly those with hydroxyl groups, may have
difficulty forming stable glasses based upon the information presently available. Wübbenhorst and
coworkers have prepared vapor-deposited glasses of glycerol and two longer chain polyols. The
deposition of these molecules yields glasses that, when heated, produce liquids with very interesting
properties, including longer relaxation times and increased orientational order in comparison to the
ordinary supercooled liquid.31,32 However, the as-deposited glasses do not seem to exhibit substantial
enhanced kinetic stability. Sepúlveda and coworkers have prepared vapor-deposited glasses of water
using a wide range of substrate temperatures but did not report stable glass formation.33 While Souda
prepared n-propanol, ethanol and methanol glasses by vapor deposition, the substrate temperature was
low enough that no conclusive statement can be made about stable glass formation.39 Thus at present
there is no clear example of an alcohol that can vapor-deposited into a glass with high kinetic stability.
Recent experiments by Chen and co-workers provide a reason why it may be difficult to form stable
glasses from alcohols.40 They reported that the surface diffusion coefficients at Tg for three polyols
(sorbitol, maltitol, and maltose) are at least four orders of magnitude smaller than for organic molecules
with no hydrogen bonding. This suggests that the surface mobility needed during deposition to achieve
efficient packing may not be available for such extensively hydrogen bonded systems.
In the current work, we survey the stable glass forming ability of alcohols by vapor-depositing
glasses of six alcohols and characterizing them with AC nanocalorimetry. The molecules we have
selected are shown in Figure 1 and include mono- and di-alcohols, aromatic and aliphatic molecules, and
short and long alkyl chains. One of the molecules, benzyl alcohol, has the additional feature of being a
structural analog of ethylbenzene, a well-studied stable glass forming molecule.3,5,12,34 We use two
experiments to test the kinetic stability of vapor-deposited glasses. We measure the transformation
temperature of the glass during a temperature ramping experiment and compare it to T g. For stable
glasses, this transformation temperature is often 5% higher than Tg.6,9,19,20,23,34–36 In a second test, we
perform isothermal annealing experiments at temperatures above Tg and use the reversing heat
capacity to track the transformation of the as-deposited glass into the supercooled liquid.
We observe a wide range of stable glass forming ability in our survey of vapor-deposited
alcohols. We prepared glasses with high kinetic stability from benzyl alcohol, which is the first clear
demonstration of an alcohol forming a stable glass. Glasses of 2-ethyl-1-hexanol and ethanol exhibited
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at most moderate kinetic stability, and we were not able to prepare glasses with enhanced kinetic
stability from ethylene glycol, n-propanol, or propylene glycol. We combine our measured kinetic
stability results with data from 8 previously studied stable glass formers to investigate factors that may
correlate with stable glass forming ability.6,7,9,34,36,41,42 We find that stable glass forming ability correlates
reasonably well with the supercooled liquid  at 1.25 Tg; this value is a measure of liquid fragility and
our consideration was inspired by the recent observation that a closely related quantity correlates with
the surface diffusion coefficient at Tg.40 Two more commonly used measures of fragility (m and F1/2) do
not correlate as well with stable glass forming ability. Vapor-deposited glasses of benzyl alcohol and 2ethyl-1-hexanol were observed to have decreased heat capacities relative to the liquid-cooled glasses.
At some deposition temperatures, vapor-deposited glasses of 2-ethyl-1-hexanol exhibit decreased heat
capacity without having increased kinetic stability.

Figure 1: Molecules tested in this study for ability to form stable glasses using physical vapor deposition.

Experimental

Materials:
Benzyl alcohol with 99.8% purity, 2-ethyl-1-hexanol with ≥ 99.6% purity, ethylene glycol with ≥
99.8% purity, and propylene glycol with ≥99.5% purity were all purchased from Sigma Aldrich and used
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without further purification in experiments at the University of Wisconsin – Madison. Ethanol with
99.8% purity from Carl Roth and n-propanol with 99.5% purity from Sigma Aldrich. The molecules were
used without out further purification in experiments at the University of Rostock. The Tg values in Figure
1 for 2-ethyl-1-hexanol, ethanol, n-propanol, propylene glycol and ethylene glycol correspond to  =
100 seconds from dielectric spectroscopy data.43–47 Dielectric experiments have not been reported for
benzyl alcohol; the listed value was obtained from differential scanning calorimetry measurements at 5
K/min.48,49

Apparatus:
The vacuum deposition chambers and AC nanocalorimetry instrumentation at the University of
Wisconsin – Madison and at the University of Rostock have been described in detail previously.34,36,50
The apparatuses are similar and we will give a general description that applies to both laboratories.
Sample deposition and measurement took place inside an ultra-high vacuum chambers pumped by a
turbo pump in series with a dry backing pump. The typical base pressure of both chambers is 10-9 mbar.
Molecules are introduced into the chamber for deposition by a fine leak valve. The relative deposition
rate is monitored by the ion gauge pressure. AC nanocalorimetry devices (chip calorimeters produced by
Xensor Integration bv, The Netherlands) were held in copper housings attached to a cryostat. The
copper housings contained a Resistive Thermometer Device and a cartridge heater to allow for
temperature control. A thermal oscillation is created on the nanocalorimeter membrane by an AC
voltage applied to the device heater by the internal oscillator of a Signal Recovery 7265 DSP (Digital
Signal Processing) lock-in amplifier. We measure a differential thermopile signal between a
nanocalorimeter containing a sample and an empty reference device. We subtract a background
measurement of the two empty devices to account for the fact that both devices are not completely
identical. The resulting differential signal is proportional to the reversing heat capacity of the films. No
strain correction was applied in these experiments as the films are sufficiently thin to make the
correction negligible.6,20 Except for one experiment in which a wide frequency range was utilized, all
reversing heat capacity measurements reported here were measured at 20 Hz.

Experiments:
The film thicknesses at the University of Wisconsin – Madison were estimated by comparing our
deposition to previous tandem AC nanocalorimetry and ellipsometry measurements of methyl-mtoluate films.36 At the University of Rostock, film thicknesses were estimated using previously-reported
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Finite Element Modeling calculations.50 In each case, we deposited films that corresponded to particular
heat capacity changes (rather than particular thicknesses) on the sensors. Since the deposited alcohols
have somewhat different volumetric heat capacities, this results in (at most) a 26 % error in the reported
thickness. The effect of this error on transformation times is much smaller than other uncertainties for
the transformation times reported in Figures 6 and 8. Thus, we will only report approximate glass
thicknesses and we did not adjust the transformation times for small differences in film thicknesses.
Deposition rates calculated from the deposition time and thickness ranged from 0.1 to 0.3 nm/s. The
films for temperature ramping experiments were approximately 250 nm thick. The films for quasiisothermal annealing experiments were approximately 590 nm thick and were deposited on top of a 250
nm layer of liquid-cooled glass. The use of such a bilayer geometry ensures that there will be two growth
fronts if the vapor-deposited glass transforms via front propagation.36,51
The temperature of the AC nanocalorimetry devices was calibrated by measuring the alpha
relaxation of supercooled liquids and comparing to literature measurements as described
previously.9,36,50 With this procedure, the absolute temperature is known to +/- 1 K. During temperature
ramping experiments, a 5 K/min heating and cooling rate was used at the University of Wisconsin –
Madison, while a 0.67 K/min heating rate was used at the University of Rostock. At most, the Tonset/Tg
values for ethanol and n-propanol reported in Figure 5A are 0.013 lower than they would be if 5 K/min
were used at Rostock. This effect is small enough that it does not affect our qualitative evaluation of
stable glass forming ability. The quantitative evaluation of stable glass forming ability was done using
quasi-isothermal annealing experiments, which are not affected by heating rate. (These annealing
experiments are quasi-isothermal because of the  0.3 K temperature oscillation of the AC calorimetry
technique.) During the temperature jump prior to the quasi-isothermal annealing experiments, the
temperature overshoot was 0.1 K or less, and subsequently the temperature was constant to +/- 0.1 K.
The quasi-isothermal annealing temperatures utilized were 174 K for benzyl alcohol, 146 K for 2-ethyl-1hexanol, 97 K for ethanol, 99 K for n-propanol, 151 K for ethylene glycol, and 167 K for propylene glycol.
Data Analysis:
For comparisons shown below (Figure 7), we calculated isothermal annealing times for stable
glass forming molecules from prior publications. Stable glasses transform via propagating fronts,29,36,51–55
and the front velocity has been measured as a function of annealing temperature for many
molecules.6,7,9,34,36,41,42 All of this data was obtained using deposition rates near 0.2 nm/s and the
substrate temperature that maximizes kinetic stability. We use this data to calculate the transformation
times expected for 590 nm stable glass films with two transformation fronts, since we used bilayer films
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in our current experiments. We calculate the transformation times (ratioed to  ) at an annealing
temperature that correspond to  = 50 seconds.
For comparisons shown below (Figure 8), we compiled supercool liquid dynamics data for the six
alcohols studied here and for eight known stable glass formers. Most of this data is from dielectric
spectroscopy and NMR experiments that directly report . In some cases, viscosity data was used to
calculate  = /G∞ with G∞ = 0.5 GPa for ethylcyclohexane,56 G∞ = 0.31 GPa for indomethacin, G∞ =
0.159 GPa for TNB, and G∞ = 81.1 MPa for ethylbenzene.37 The values of G∞ for indomethacin and TNB
were chosen such that viscosity and dielectric measurements match in the temperature region where
the measurements overlap. The G∞ values for ethylcyclohexane and ethylbenzene have been used
previously to calculate  from viscosity data.37,56 We used the Wirtz equation ( = 4r3 / 6kT) to
calculate  from the benzyl alcohol viscosity data,57,58 assuming a molecular radius of 0.31 nm.
We measured  deep in the supercooled liquid of benzyl alcohol using AC nanocalorimetry
measurements that spanned the frequency range of 4 Hz to 4 kHz.
We determined Tg, m, T1/2, and also log() at 1.25 Tg from the compiled data sets. We used a
Stickel analysis to determine the characteristic temperature TB for each system.59,60 Then, we
determined VTF fits (equation 2) to the data below TB by first setting T0 by linearizing log() vs 1/(TT0).61
log(𝜏𝛼 ) = 𝐴 +

𝐵
(2)
𝑇 − 𝑇0

The VTF parameters were then used to derive Tg (where  = 100 s) and m, as described by Chen and
Richert.37 We also estimated m by two other methods, determining the slope of the lowest temperature
data and performing a linear fit to the derivative of log() vs Tg/T and extrapolating to Tg. The m values
plotted in Figure 7A are averages of these 3 methods. We determined the values of T1/2 and log() at
1.25 Tg by interpolating the available data when possible, and extrapolating when necessary.

Results
Temperature ramping experiments:
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Figure 2: Temperature ramping AC nanocalorimetry experiments of benzyl alcohol glasses. Solid purple
curves are as-deposited glasses prepared by physical vapor deposition. Dashed black curves are glasses
prepared by cooling the supercooled liquid. The green dashed tangent lines demonstrate the
determination of Tonset. The as-deposited glasses exhibit significantly increased onset temperatures and
decreased heat capacity, features that have been previously observed in stable glasses. The curves for
different substrate temperatures have been vertically shifted. The noted value of Tg comes from 5 K/min
DSC measurements.48,49 The 20 Hz  value comes from the minimum in the phase data from AC
nanocalorimetry measurements.

As shown in Figure 2, temperature ramping AC nanocalorimetry experiments demonstrate that
benzyl alcohol can from stable glasses via vapor deposition. The as-deposited glasses maintain their
glassy heat capacity until temperatures as high as 13 K above Tg (1.08 Tg) before transforming into the
supercooled liquid. This significantly increased onset temperature is an indication of the enhanced
kinetic stability that defines a stable glass.1–6 The benzyl alcohol stable glasses also have lower reversing
heat capacities than the liquid-cooled glass. Reduced heat capacity is a feature that has been observed
previously in many other stable glasses.6,8,9,16,20,23,34,36
The AC calorimetry measurements are made by applying an oscillating heat input to the sample
at a frequency of 20 Hz, and measuring the amplitude of the 20 Hz temperature oscillation; the
amplitude is proportional to the reversing heat capacity. The liquid-cooled glass (dashed black lines)
shows an increase in the reversing heat capacity value at the temperature when the structural
relaxation occurs at 20 Hz. At lower temperatures, the structural relaxation process is too slow to adsorb
energy from the 20 Hz heating, and the reversing heat capacity is low. As the temperature increases, a
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growing fraction of molecules undergo structural relaxation at a frequency of 20 Hz and the reversing
heat capacity increases. Eventually the value of the reversing heat capacity levels off at a temperature
where the structural relaxation of all molecules is faster than 20 Hz. The transformation of the vapordeposited glass begins at the onset temperature (Tonset) where the reversing heat capacity deviates from
the nearly flat response of the glass. The tangent lines drawn for the 0.77 Tsub/Tg glass provide an
example of how Tonset is determined. We will compare the features of the temperature ramping
experiments for all six alcohols in Figure 5.

Figure 3: Temperature ramping AC nanocalorimetry experiments of 2-ethyl-1-hexanol glasses. Solid blue
curves are as-deposited glasses prepared by physical vapor deposition. Dashed black curves are liquidcooled glasses. 2-Ethyl-1-hexanol glasses deposited at 0.96 Tg and 0.91 Tg have moderately enhanced
kinetic stability but glasses prepared with lower substrate temperatures do not. The curves for different
substrate temperatures have been vertically shifted. The noted value of Tg is the temperature when  =
100 s.43

Vapor-deposited glasses of 2-ethyl-1-hexanol exhibit modestly enhanced kinetic stability when
deposited near Tg. These temperature ramping experiments are shown in Figure 3. Glasses deposited at
0.96 Tg and 0.91 Tg have onset temperatures that are, at most, 5 K higher than Tg. This is a smaller
increase (up to 1.036 Tg) compared to the 1.08 Tg value observed for the most stable benzyl alcohol
glasses. All the vapor-deposited glasses of 2-ethyl-1-hexanol exhibit decreased reversing heat capacities
compared to the liquid-cooled glass. The heat capacity of vapor-deposited glasses with Tsub/Tg = 0.87 and
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0.80 goes through a small step before Tg which is a feature of an unstable glass. The combination of low
stability and a lower reversing heat capacity is surprising and discussed below.

Figure 4: Temperature ramping AC nanocalorimetry experiments of ethanol (A) n-propanol (B) ethylene
glycol (C) and propylene glycol (D) glasses. The solid colored lines are as-deposited (AD) glasses while the
dashed black curves are liquid-cooled glasses. None of the vapor-deposited glasses show enhanced
kinetic stability. The curves for different substrate temperatures have been vertically shifted. The noted
value of Tg is the temperature when  = 100 s.44–47

As shown in Figure 4, the vapor-deposited glasses of ethanol, n-propanol, ethylene glycol, and
propylene glycol exhibit little to no enhanced kinetic stability. The vapor-deposited glasses of ethanol,
ethylene glycol, and propylene glycol have reversing heat capacities that are slightly lower than the
liquid-cooled glass, but the magnitude of the decrease is much less than for benzyl alcohol and 2-ethyl-
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1-hexanol. The reversing heat capacities of the as-deposited n-propanol glasses are very similar to that
of the liquid-cooled glass, and instrumental noise does not allow us to quantify any slight differences.

Figure 5: Comparison of the properties of vapor-deposited glasses of six alcohols. A) Tonset/Tg vs
normalized substrate temperature during deposition (Tsub/Tg). Error bars represent the uncertainty in
the observed Tonset and in the absolute temperature. B) Reversing heat capacity decrease of vapordeposited glasses compared to liquid-cooled glasses as a function of substrate temperature during
deposition. The heat capacity decrease is determined in the glassy region before any onset temperature.

The onset temperatures of the as-deposited glasses of these six alcohols are compared in Figure
5A as a function of the substrate temperature during deposition. Glasses that have a Tonset/Tg value
greater than 1 maintain their glassy properties to temperatures higher than Tg and can be said to have
enhanced kinetic stability.1–6 Vapor-deposited glasses of benzyl alcohol have a maximum Tonset/Tg of 1.08
and exhibit increased onset temperatures from Tsub/Tg = 0.97 to below Tsub/Tg = 0.77. This behavior is
typical of previously studied stable glasses. 2-Ethyl-1-hexanol, propylene glycol, ethylene glycol, and npropanol have elevated onset temperatures when deposited just below Tg, but these onset
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temperatures are relatively low. When 2-ethyl-1-hexanol, propylene glycol, ethylene glycol, and ethanol
are deposited at temperatures below 0.90 Tg, they make unstable glasses as evidenced by changes in
their glassy heat capacity at temperatures below Tg. In contrast, for known stable glass forming
molecules, the phenomenon of preparing an unstable glass does not occur unless the glass is deposited
at temperatures below 0.70 Tg.6,9,34 The vapor-deposited glasses of n-propanol had reversing heat
capacity traces that were very similar to the liquid-cooled glass. Because of this small difference and
instrument noise, we were unable to observe any unstable glass behavior if it exists for this molecule.
Figure 5B shows the decrease in the reversing heat capacity for vapor-deposited glasses of the
six alcohols, relative to the liquid-cooled glasses. Decreased heat capacity is a property that has been
observed in many stable glasses.6,8,9,16,20,23,34,36 Vapor-deposited glasses of benzyl alcohol have heat
capacities that are 1% to 3% lower than a liquid-cooled glass depending on substrate temperature; this
range and temperature dependence is similar to what has been seen in known stable glasses. Figure 5
also illustrates the interesting result of unstable glasses with decreased reversing heat capacity. 2-Ethyl1-hexanol glasses deposited below 0.90 Tg provide the best examples of this phenomenon.
Quasi isothermal annealing experiments:

Figure 6: Isothermal transformation kinetics of vapor-deposited glasses of six alcohols. For each alcohol,
vapor-deposited glasses were prepared at the substrate temperature that yielded the highest T onset and
then heated to Tanneal ≥ Tg. The vertical axis represents the change in the reversing heat capacity signal
from the initial glassy value to the super-cooled liquid value. The annealing time is normalized by  of
the supercooled liquid at the annealing temperature. Data has been smoothed for clarity.
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We performed quasi-isothermal annealing experiments to quantify the kinetic stability of the
vapor-deposited alcohols, with the results shown in Figure 6. During annealing, the reversing heat
capacity of the sample increases as it transforms from glass to supercooled liquid. The “% liquid” value is
obtained by normalizing the heat capacity increase with respect to the value of the supercooled liquid.
Thus during the annealing, the % liquid increases as the sample transforms and levels off once the
transformation is complete. We have also normalized the time axis by dividing by  of the supercooled
liquid at the annealing temperature.
The six alcohols shown in Figure 6 exhibit a wide range of isothermal transformation times.
The transformation times of the propylene glycol, ethylene glycol and n-propanol glasses are less than
10  and we characterize these glasses as having low kinetic stability. For comparison, a liquid-cooled
glass should transform in about 1  under the conditions of these experiments. The vapor-deposited
glasses of ethanol and 2-ethyl-1-hexanol have transformation times between 10 and 1000 , and
exhibit moderate kinetic stability. The vapor-deposited glass of benzyl alcohol has a transformation time
greater than 1000 . Known stable glasses have transformation times that range from
log(ttransformation/) = 3 to log(ttransformation/) = 5,6,7,9,34,36,41,42 and we designate the benzyl alcohol data as
showing high kinetic stability. The precise transformation time cutoffs for low, moderate, and high
kinetic stability are arbitrary, but these classifications will facilitate further discussion.

Discussion
The role of the hydroxyl group in stable glass formation.
We have prepared stable glasses of benzyl alcohol and this is the first clear example of an
alcohol that can form a stable glass. As discussed in the introduction, previous studies of vapor
deposition of alcohols were inconclusive.31–33,39,40 The high onset temperatures and long transformation
times for vapor-deposited glasses of benzyl alcohol (Figures 2 and 6) unambiguously show the high
kinetic stability that defines a stable glass. The proposed mechanism of stable glass formation is that
molecules have enhanced surface mobility during deposition and thus are able to reach packing
arrangements that have high barriers to relaxation once the molecule is buried by further
deposition.1,10,11 Enhanced surface mobility has been observed in many experiments1,11,62–64 and
simulations,65–68 and has been described by theory.69,70 Because it can form a stable glass, we expect that
benzyl alcohol has significantly enhanced surface mobility.
In contrast, 2-ethyl-1-hexanol, ethanol, n-propanol, ethylene glycol, and propylene glycol do not
form stable glasses and we speculate that this occurs because their surface mobility is too low. During
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vapor deposition, these molecules apparently sample configurations only slowly and do not find low
energy configurations with high barriers to rearrangement. If this view is correct, then we expect that
highly stable glasses of molecules like 2-ethyl-1-hexanol could be prepared if we use extremely slow
deposition rates; we plan to test this prediction in further experiments. The temperature dependence
of the onset temperature for the five alcohols that do not form stable glasses is consistent with limited
surface mobility during deposition. For these five molecules, the optimal deposition temperature is
around 0.95 Tg as seen in Figure 5A for 2-ethyl-1-hexanol, ethanol, n-propanol, ethylene glycol, and
propylene glycol. This is much higher than the optimum substrate temperature of 0.85 Tg that is
typically observed in stable glass forming molecules.6,15,21,23,71 The optimal substrate temperature is the
result of the competition between the temperature dependence of the surface mobility and the energy
levels of available configurations, where a low energy level often results in a high barrier to
rearrangement.1,10 At higher deposition temperatures, molecules have sufficient surface mobility to
sample configurations, but the available configurations have lower barriers to rearrangement. At lower
deposition temperatures there are configurations with much higher barriers, but molecules do not have
enough mobility to reach these configurations during the time that they remain near the surface. If a
glass has limited surface mobility, we would expect the optimal deposition temperature to be higher
than for stable glass formers.
Our hypothesis of limited surface mobility for the five alcohols that do not form stable glasses
is related to a recent study of the effect of hydrogen bonding on diffusion at the surface of glasses.
Stable glass forming molecules with no hydrogen bonding have surface diffusion coefficients that can
exceed the bulk diffusion coefficient as much as 8 orders of magnitude at Tg.11,63,64 For a molecule that is
only subject to van-der-Waals forces, it is natural to imagine that the reduction of neighbors at the
surface significantly reduces the barriers to motion. Chen and coworkers discovered that the surface
diffusion of polyols at Tg is at least 4 orders of magnitude slower than for similarly sized non-hydrogenbonding molecules.40,64,72 They hypothesize that polyol molecules restructure at the surface such that
they maintain a high number of hydrogen bonds despite losing some neighbors. Because of these strong
intermolecular interactions, the barriers to motion at the surface would still be relatively high.40 Based
on the work of Chen and coworkers, one would predict that molecules with extensive hydrogen bonding
would not have the surface mobility required to form highly stable glasses. (In this paragraph, we have
assumed that high rates of surface diffusion are associated with high rates of configurational sampling
and this assumption may need to be carefully examined.)
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In light of the work of Chen and coworkers, it is natural to ask whether the five alcohols that fail
to form stable glasses exhibit more extensive hydrogen bonding than benzyl alcohol? The literature
indicates that this is likely to be the case. The two diol liquids (propylene glycol and ethylene glycol) are
understood to have hydrogen bonding clusters or hydrogen bonded networks.73–78 Extensive
intermolecular hydrogen bonding is observed in simulations of these liquids73,76,77 and presumably has a
major influence on the liquid dynamics.74,75,78 n-Propanol, and 2-ethyl-1-hexanol exhibit Debye peaks in
the dielectric spectra of the supercooled liquids.43,45 This strong peak that occurs at frequencies below
the  process for mono alcohols is understood to report the dynamics of supramolecular structures held
together by intermolecular hydrogen bonding.79 Various experiments support the picture of hydrogen
bonded structures in n-propanol80 and 2-ethyl-1-hexanol,81,82 while simulations of liquid n-propanol also
predict hydrogen bonded clusters.83 It is not yet clear if supercooled ethanol exhibits a Debye peak,44 but
experimental and computational work agree that the structure of liquid ethanol is dominated by
hydrogen bonded clusters.80,83,84 There is not yet a consensus on the structure of liquid benzyl alcohol.
Some authors have presented evidence of extended structures,85,86 but others have claimed that benzyl
alcohol only forms dimers87 or that the interaction between aromatic groups is responsible for any
clusters since only a small fraction of the OH groups participate in intermolecular hydrogen bonding.88
While there is not a clear answer from the literature, if one considers the steric size of the phenyl group,
it is plausible that benzyl alcohol contains smaller hydrogen bonded clusters or fewer clusters compared
to the five alcohols that fail to form stable glasses. Based on the experiments in this study, we
hypothesize that benzyl alcohol glasses exhibit significantly enhanced surface mobility while the five
other alcohols do not. The above literature concerning intermolecular hydrogen bonding for the six
molecules in this work and the recent report from Chen and co-workers support our hypothesis.

Vapor-deposited glass kinetic stability and supercooled liquid dynamics
As discussed in the introduction, there have been several attempts to connect stable glass
forming ability with supercooled liquid fragility.13,30,37,38 Our data on vapor-deposited alcohol glasses
considerably expands the range of systems that can be evaluated and so we further consider this
possible connection. We have compiled transformation times from annealing experiments for the vapordeposited alcohols studied here and for 8 previously studied stable glass forming molecules. We expand
the earlier discussion of the role of fragility by considering additional measures of fragility beyond “m”.
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Figure 7. Supercooled liquid dynamic data for 14 glass-forming liquids, for comparison with kinetic
stability of vapor-deposited glasses. The fragility index m can be evaluated by taking the slope at Tg/T =
1. The F1/2 measure of fragility is related to the value of Tg/T when  = 10-6 seconds (horizontal solid
line). Smaller values of log() at 1.25 Tg are further from the strong liquid limit and thus represent
greater fragility; this value of log() can be identified from the vertical solid line. Data sources given in
text. TPD is the acronym used for N,N′-bis(3-methylphenyl)-N,N′-diphenylbenzidine.

Figure 7 presents log() as a function of scaled inverse temperature for the 14 liquids for which
we have kinetic stability data for the vapor-deposited glasses. The values of  come from dielectric
spectroscopy, NMR, and viscosity literature.37,42–47,56,89–103 Our procedure for calculating  from viscosity
data can be found in the experimental section. In the case of benzyl alcohol, AC calorimetry
measurements were used to determine  for values between 10-5 seconds and 10-1 seconds.
We utilized three measures of supercooled liquid fragility for the comparison with vapordeposited glass stability. The “m” fragility parameter, defined by equation 1, is equal to the slope of the
data at Tg/T is approached. We also utilized the F1/2 measure of fragility proposed by Angell and coworkers.104
𝐹1⁄ = 2 ∗
2

𝑇𝑔
− 1 (3)
𝑇1⁄
2

𝑤ℎ𝑒𝑟𝑒 𝜏𝛼 = 100 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 𝑎𝑡 𝑇𝑔 , 𝑎𝑛𝑑 𝜏𝛼 = 10−6 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 𝑎𝑡 𝑇1⁄

2
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T1/2 can be identified in Figure 7 from the solid horizontal line. Similar to m, larger values of F1/2 indicate
greater deviation from the strong liquid limit. As a third measure of fragility, we consider log() at 1.25
Tg The value of log() at 1.25 Tg is a measure of fragility in that smaller values represent a greater
deviation from the Arrhenius behavior of strong liquids, and thus greater fragility. Our choice of the
log() at 1.25 Tg is inspired by the recent paper from Chen and coworkers.40 They have found that the
surface diffusion constant at Tg of glass formers correlates well with log() at 1.25 Tg. For consistency
with the other two fragility measures, we elected to use  rather than , but since these quantities are
nearly proportional to each other in supercooled liquids, we do not think that this would have a
significant impact on our conclusions.
In Figure 8, the transformation times for vapor-deposited glasses are plotted versus the three
measures of supercooled liquid fragility. Transformation times for the six alcohols come from Figure 6
while published data is used for the other molecules. In Figure 8A we observe a poor correlation
between stable glass forming ability and m (equation 1). In particular, note that m values near 55 are
associated with a range of transformation times that covers more than 3 orders of magnitude. Given
the lack of correlation in previously published comparisons utilizing the m fragility parameter, this result
was expected.7,9,22,30 In Figure 8B we plot the normalized transformation times as a function of the F1/2
measure of fragility. We consider that this correlation is modestly improved in comparison to the m
fragility parameter. Finally in Figure 8C we observe that log() at 1.25 Tg correlates reasonably well
with stable glass forming ability. The different measures of fragility compared in Figure 8 emphasize
deviations from strong liquid behavior in different temperature regimes. One might expect that m
would best correlate with stable glass forming ability because it is evaluated closest to the temperature
range where vapor deposition is performed. In contrast, Figure 8 shows that the measures of fragility
that are sensitive to higher temperature dynamics provide a better correlation.
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Figure 8: Transformation times of 590 nm vapor-deposited glasses for 14 liquids, as a function of three
different measures of supercooled liquid fragility. Data for the six alcohols are from this work. For the
previously published data on eight other liquids, we use transformation front velocities for stable glasses
deposited at 0.2 nm/s and optimized Tsubstrate6,7,9,34,36,41,42 to calculate the transformation time for 590
nm films. In panels B and C we observe a moderate correlation between transformation times and
fragility, as discussed in the text.

Beyond the empirical correlations shown in Figure 8, we briefly describe two reasons why one
might expect stable glass forming ability to correlate with some measure of fragility. We understand
stable glass forming ability for a particular molecular system to be influenced by both the surface
mobility at substrate temperatures below Tg and by the height of barriers for equilibrium configurations
at these temperatures. As mentioned above, Chen and coworkers recently showed that fragility
(measured by log() at 1.25 Tg) correlates with enhancement of surface diffusion. They argue that the
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loss of neighbors at the surface can be thought of as an “excitation” similar to a temperature increase.40
In this view, since bulk dynamics of low fragility molecules are less sensitive to temperature, these
molecules should have less mobility at the surface. It is unknown if surface diffusion is precisely the
relevant measure of the surface mobility for stable glass formation, but the argument by Chen and
coworkers could also be extended to surface structural relaxation. A second reason why fragility might
influence stable glass forming ability arises from the expected connection between fragility and barrier
heights at low temperatures. For an equilibrium liquid at the strong limit of fragility, the barrier heights
in the potential energy landscape do not increase at lower temperatures105 (consistent with the
Arrhenius temperature dependence for structural relaxation). Therefore, the ability to sample more
configurations during vapor-deposition would produce a glass with the same-sized barriers as a liquidcooled glass, and thus the vapor-deposited glass would not demonstrate any enhanced kinetic stability.
In contrast, for a fragile equilibrium supercooled liquid, the barrier heights at equilibrium increase with
decreasing temperature (as indicated by the non-Arrhenius temperature dependence for structural
relaxation), with a greater rate of increase for more fragile systems. This reasoning leads to the
expectation that more fragile systems potentially have more kinetic stability to gain through vapor
deposition. While there is some debate as to whether fragile liquids continue to have non-Arrhenius
dynamics in equilibrium near Tg,106–108 configurations with higher barriers must be accessible via vapor
deposition for otherwise glasses with high kinetic stability could not be obtained. At present, we view
any relationship between fragility and stable glass forming ability shown in Figure 8 as an empirical
observation that has a plausible rationalization. If the correlation shown in Figure 8C holds for future
studies of vapor-deposited glasses, it will be desirable to sort out the role of the two contributions to
stable glass forming ability that are described above.

Unstable glasses with decreased heat capacity
Vapor-deposited glasses of 2-ethyl-1-hexanol prepared at substrate temperatures below 0.90 Tg
have the intriguing combination of an onset temperature below Tg, and reduced heat capacity. This
combination has been observed previously for toluene and ethylbenzene glasses deposited near 0.60
Tg.34 We will briefly explain why we find this combination surprising and how it might be interpreted.
The heat capacity of glasses is attributed to vibrational modes, vibrational anharmonicities, and
secondary relaxations.109 A decrease in the glassy heat capacity could be explained by a shift in
vibrational frequencies to higher frequencies, more harmonic vibrations, or by suppression of secondary
relaxations. We can easily imagine that a liquid equilibrated at a lower temperature or a better packed
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glass would have all of these properties, and in addition have higher barriers to relaxation and thus
increased kinetic stability. Thus we would expect that low molar volume, low heat capacity, suppressed
beta relaxation, and increased kinetic stability would all be correlated in vapor-deposited glasses. These
correlations hold for almost all the published literature for vapor-deposited glasses. For example, stable
glasses have been found to have lower molar volumes than liquid-cooled glasses.1,12–15 The heat capacity
decrease and the onset temperature increase have similar relationships with substrate temperature for
vapor-deposited glasses of many molecules.6,8,9,16,20,23,34,36 Also, some previous investigations of unstable
glasses produced at very low substrate temperatures have shown higher heat capacities (before going
through an irreversible relaxation upon heating towards Tg).6,110,111 In contrast to these correlations
which we regard as easy to explain, some vapor-deposited glasses of 2-ethyl-1-hexanol, toluene, and
ethylbenzene have the seemingly contradictory combination of low kinetic stability (as indicated by
rearrangements below Tg) and decreased heat capacity. This indicates that there must be regions of the
potential energy landscape with low barriers that nevertheless are better packed in some respect. There
is further evidence for such regions in a recent publication by Yu and coworkers.112 They found that the
secondary relaxation in toluene vapor-deposited glasses is suppressed compared to the liquid-cooled
glass. While such a suppression would be expected (and is observed) for highly stable glasses, secondary
relaxation was suppressed even for glasses deposited at very low substrate temperatures (Tsub/Tg = 0.2)
that were likely unstable. Experiments combining calorimetry, dielectric spectroscopy, and vibrational
spectroscopy on vapor-deposited glasses of a single system would further our understanding of the
diversity of the states found in the potential energy landscape.

Conclusions
We have prepared glasses of six mono- and di-alcohols via physical vapor deposition to
investigate how the presence of -OH groups might prevent stable glass formation. We investigated the
properties of these glasses using AC nanocalorimetry. Quasi-isothermal annealing experiments were
used to quantify the kinetic stability of the glasses. Benzyl alcohol forms a stable glass when deposited
onto substrates near 0.85 Tg, with transformation times that exceed 103 ; this is the first clear
demonstration of an alcohol forming a highly stable glass via vapor deposition. Propylene glycol,
ethylene glycol, and propanol form low stability glasses, showing transformation times that barely
exceed those expected for a liquid-cooled glass. Ethanol and 2-ethyl-1-hexanol form moderate stability
glasses. We speculate the benzyl alcohol has higher surface mobility than the other alcohols and that
this is the primary reason for its high stable glass forming ability.
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Collectively, this series of vapor-deposited alcohol glasses shows a range of kinetic stabilities
that has not previously been observed. Using these six alcohols and eight previously studied molecules,
we have found a reasonably good correlation between kinetic stability and a recently-proposed measure
of fragility: log() at 1.25 Tg. This correlation is better than the correlation between kinetic stability and
other measures of fragility (F1/2 and m). We discussed why liquids with higher fragility might be
expected to have higher stable glass forming ability, either through enhanced surface mobility or
because configurations with higher energy barriers are present deeper in the potential energy
landscape. We also used AC nanocalorimetry to compare the reversing heat capacity of the vapordeposited glasses to liquid-cooled glasses. Consistent with previous work, glasses with high kinetic
stability show decreased heat capacity. In a few cases, decreased heat capacity was also observed in
glasses with low kinetic stability.

Acknowledgements. We thank the U.S. National Science Foundation (CHE-1265737 and CHE-1564663)
for support of this work. We thank Lian Yu and Ranko Richert for helpful discussions.

References:
1.

S. F. Swallen, K. L. Kearns, M. K. Mapes, Y. S. Kim, R. J. McMahon, M. D. Ediger, T. Wu, L. Yu and S.
Satija, Organic glasses with exceptional thermodynamic and kinetic stability, Science 315 353–6.
(2007).; DOI:10.1126/science.1135795

2.

E. León-Gutierrez, G. Garcia, M. T. Clavaguera-Mora and J. Rodríguez-Viejo, Glass transition in
vapor deposited thin films of toluene, Thermochim. Acta 492 51–54. (2009).;
DOI:10.1016/j.tca.2009.05.016

3.

S. L. L. M. Ramos, M. Oguni, K. Ishii and H. Nakayama, Character of devitrification, viewed from
enthalpic paths, of the vapor-deposited ethylbenzene glasses, J. Phys. Chem. B 115 14327–32.
(2011).; DOI:10.1021/jp203612s

4.

D. Bhattacharya and V. Sadtchenko, Enthalpy and high temperature relaxation kinetics of stable
vapor-deposited glasses of toluene, J. Chem. Phys. 141 094502. (2014).; DOI:10.1063/1.4893716

5.

R. S. Smith, R. A. May and B. D. Kay, Probing Toluene and Ethylbenzene Stable Glass Formation

21

Using Inert Gas Permeation, J. Phys. Chem. Lett. 3639–3644. (2015).;
DOI:10.1021/acs.jpclett.5b01611
6.

K. R. Whitaker, M. Tylinski, M. Ahrenberg, C. Schick and M. D. Ediger, Kinetic stability and heat
capacity of vapor-deposited glasses of o-terphenyl, J. Chem. Phys. 143 084511. (2015).;
DOI:10.1063/1.4929511

7.

A. Sepúlveda, M. Tylinski, A. Guiseppi-Elie, R. Richert and M. D. Ediger, Role of Fragility in the
Formation of Highly Stable Organic Glasses, Phys. Rev. Lett. 113 045901. (2014).;
DOI:10.1103/PhysRevLett.113.045901

8.

K. R. Whitaker, M. Ahrenberg, C. Schick and M. D. Ediger, Vapor-deposited α,α,β-trisnaphthylbenzene glasses with low heat capacity and high kinetic stability., J. Chem. Phys. 137
154502. (2012).; DOI:10.1063/1.4758807

9.

Y. Z. Chua, M. Ahrenberg, M. Tylinski, M. D. Ediger and C. Schick, How much time is needed to
form a kinetically stable glass? AC calorimetric study of vapor-deposited glasses of
ethylcyclohexane, J. Chem. Phys. 142 054506. (2015).; DOI:10.1063/1.4906806

10.

K. L. Kearns, S. F. Swallen, M. D. Ediger, T. Wu, Y. Sun and L. Yu, Hiking down the energy
landscape: progress toward the Kauzmann temperature via vapor deposition, J. Phys. Chem. B
112 4934–42. (2008).; DOI:10.1021/jp7113384

11.

C. W. Brian and L. Yu, Surface self-diffusion of organic glasses, J. Phys. Chem. A 117 13303–9.
(2013).; DOI:10.1021/jp404944s

12.

K. Ishii, H. Nakayama, S. Hirabayashi and R. Moriyama, Anomalously high-density glass of
ethylbenzene prepared by vapor deposition at temperatures close to the glass-transition
temperature, Chem. Phys. Lett. 459 109–112. (2008).; DOI:10.1016/j.cplett.2008.05.050

13.

H. Nakayama, K. Omori, K. Ino-u-e and K. Ishii, Molar volumes of ethylcyclohexane and
butyronitrile glasses resulting from vapor deposition: dependence on deposition temperature
and comparison to alkylbenzenes., J. Phys. Chem. B 117 10311–9. (2013).;
DOI:10.1021/jp404256r

14.

T. Liu, K. Cheng, E. Salami-Ranjbaran, F. Gao, C. Li, X. Tong, Y.-C. Lin, Y. Zhang, W. Zhang, L. Klinge,
P. J. Walsh and Z. Fakhraai, The effect of chemical structure on the stability of physical vapor

22

deposited glasses of 1,3,5-triarylbenzene, J. Chem. Phys. 143 084506. (2015).;
DOI:10.1063/1.4928521
15.

S. S. Dalal, D. M. Walters, I. Lyubimov, J. J. de Pablo and M. D. Ediger, Tunable molecular
orientation and elevated thermal stability of vapor-deposited organic semiconductors, Proc. Natl.
Acad. Sci. 112 4227–4232. (2015).; DOI:10.1073/pnas.1421042112

16.

K. L. Kearns, K. R. Whitaker, M. D. Ediger, H. Huth and C. Schick, Observation of low heat
capacities for vapor-deposited glasses of indomethacin as determined by AC nanocalorimetry, J.
Chem. Phys. 133 014702. (2010).; DOI:10.1063/1.3442416

17.

K. Ishii, H. Nakayama, R. Moriyama and Y. Yokoyama, Behavior of Glass and Supercooled Liquid
Alkylbenzenes Vapor-Deposited on Cold Substrates: Toward the Understanding of the Curious
Light Scattering Observed in Some Supercooled Liquid States, Bull. Chem. Soc. Jpn. 82 1240–1247.
(2009).; DOI:10.1246/bcsj.82.1240

18.

L. Zhu and L. Yu, Generality of forming stable organic glasses by vapor deposition, Chem. Phys.
Lett. 499 62–65. (2010).; DOI:10.1016/j.cplett.2010.09.010

19.

K. Dawson, L. Zhu, L. A. Kopff, R. J. McMahon, L. Yu and M. D. Ediger, Highly Stable VaporDeposited Glasses of Four Tris-naphthylbenzene Isomers, J. Phys. Chem. Lett. 2 2683–2687.
(2011).; DOI:10.1021/jz201174m

20.

K. R. Whitaker, D. J. Scifo, M. D. Ediger, M. Ahrenberg and C. Schick, Highly stable glasses of cisdecalin and cis/trans-decalin mixtures, J. Phys. Chem. B 117 12724–33. (2013).;
DOI:10.1021/jp400960g

21.

C. Rodríguez-Tinoco, M. Gonzalez-Silveira, J. Ràfols-Ribé, G. Garcia and J. Rodríguez-Viejo, Highly
stable glasses of celecoxib: Influence on thermo-kinetic properties, microstructure and response
towards crystal growth, J. Non. Cryst. Solids 407 256–261. (2014).;
DOI:10.1016/j.jnoncrysol.2014.07.031

22.

S. L. L. M. Ramos, A. K. Chigira and M. Oguni, Devitrification properties of vapor-deposited
ethylcyclohexane glasses and interpretation of the molecular mechanism for formation of vapordeposited glasses, J. Phys. Chem. B 119 4076–83. (2015).; DOI:10.1021/jp5109174

23.

Y. Z. Chua, M. Tylinski, S. Tatsumi, M. D. Ediger and C. Schick, Glass transition and stable glass

23

formation of tetrachloromethane, J. Chem. Phys. 144 244503. (2016).; DOI:10.1063/1.4954665
24.

S. Léonard and P. Harrowell, Macroscopic facilitation of glassy relaxation kinetics: ultrastable
glass films with frontlike thermal response, J. Chem. Phys. 133 244502. (2010).;
DOI:10.1063/1.3511721

25.

S. Singh and J. J. de Pablo, A molecular view of vapor deposited glasses, J. Chem. Phys. 134
194903. (2011).; DOI:10.1063/1.3586805

26.

R. L. Jack, L. O. Hedges, J. P. Garrahan and D. Chandler, Preparation and Relaxation of Very Stable
Glassy States of a Simulated Liquid, Phys. Rev. Lett. 107 275702. (2011).;
DOI:10.1103/PhysRevLett.107.275702

27.

G. M. Hocky, L. Berthier and D. R. Reichman, Equilibrium ultrastable glasses produced by random
pinning, J. Chem. Phys. 141 224503. (2014).; DOI:10.1063/1.4903200

28.

J. Helfferich, I. Lyubimov, D. Reid and J. J. de Pablo, Inherent structure energy is a good indicator
of molecular mobility in glasses, Soft Matter 12 5898–5904. (2016).; DOI:10.1039/C6SM00810K

29.

I. Lyubimov, M. D. Ediger and J. J. de Pablo, Model vapor-deposited glasses: growth front and
composition effects, J. Chem. Phys. 139 144505. (2013).; DOI:10.1063/1.4823769

30.

H.-B. Yu, Y. Luo and K. Samwer, Ultrastable metallic glass., Adv. Mater. 25 5904–8. (2013).;
DOI:10.1002/adma.201302700

31.

S. Capponi, S. Napolitano and M. Wübbenhorst, Supercooled liquids with enhanced orientational
order., Nat. Commun. 3 1233. (2012).; DOI:10.1038/ncomms2228

32.

A. Kasina, T. Putzeys and M. Wübbenhorst, Dielectric and specific heat relaxations in vapor
deposited glycerol, J. Chem. Phys. 143 244504. (2015).; DOI:10.1063/1.4937795

33.

A. Sepúlveda, E. Leon-Gutierrez, M. Gonzalez-Silveira, C. Rodríguez-Tinoco, M. T. ClavagueraMora and J. Rodríguez-Viejo, Glass transition in ultrathin films of amorphous solid water., J.
Chem. Phys. 137 244506. (2012).; DOI:10.1063/1.4771964

34.

M. Ahrenberg, Y. Z. Chua, K. R. Whitaker, H. Huth, M. D. Ediger and C. Schick, In situ investigation
of vapor-deposited glasses of toluene and ethylbenzene via alternating current chipnanocalorimetry, J. Chem. Phys. 138 024501. (2013).; DOI:10.1063/1.4773354

24

35.

S. S. Dalal, Z. Fakhraai and M. D. Ediger, High-throughput ellipsometric characterization of vapordeposited indomethacin glasses, J. Phys. Chem. B 117 15415–25. (2013).; DOI:10.1021/jp405005n

36.

M. Tylinski, A. Sepúlveda, D. M. Walters, Y. Z. Chua, C. Schick and M. D. Ediger, Vapor-deposited
glasses of methyl-m-toluate: How uniform is stable glass transformation?, J. Chem. Phys. 143
244509. (2015).; DOI:10.1063/1.4938420

37.

Z. Chen and R. Richert, Dynamics of glass-forming liquids. XV. Dynamical features of molecular
liquids that form ultra-stable glasses by vapor deposition, J. Chem. Phys. 135 124515. (2011).;
DOI:10.1063/1.3643332

38.

C. A. Angell, On the uncertain distinction between fast landscape exploration and second
amorphous phase (ideal glass) interpretations of the ultrastable glass phenomenon, J. Non. Cryst.
Solids 407 246–255. (2014).; DOI:10.1016/j.jnoncrysol.2014.08.044

39.

R. Souda, Structural Relaxation of Vapor-Deposited Water, Methanol, Ethanol, and 1-Propanol
Films Studied Using Low-Energy Ion Scattering, J. Phys. Chem. B 114 11127–11132. (2010).;
DOI:10.1021/jp104523h

40.

Y. Chen, W. Zhang and L. Yu, Hydrogen Bonding Slows Down Surface Diffusion of Molecular
Glasses, J. Phys. Chem. B 120 8007–8015. (2016).; DOI:10.1021/acs.jpcb.6b05658

41.

A. Sepúlveda, S. F. Swallen, L. A. Kopff, R. J. McMahon and M. D. Ediger, Stable glasses of
indomethacin and α,α,β-tris-naphthylbenzene transform into ordinary supercooled liquids, J.
Chem. Phys. 137 204508. (2012).; DOI:10.1063/1.4768168

42.

D. M. Walters, R. Richert and M. D. Ediger, Thermal stability of vapor-deposited stable glasses of
an organic semiconductor, J. Chem. Phys. 142 134504. (2015).; DOI:10.1063/1.4916649

43.

H. Huth, L.-M. Wang, C. Schick and R. Richert, Comparing calorimetric and dielectric polarization
modes in viscous 2-ethyl-1-hexanol., J. Chem. Phys. 126 104503. (2007).; DOI:10.1063/1.2539105

44.

R. Brand, P. Lunkenheimer, U. Schneider and A. Loidl, Excess wing in the dielectric loss of glassforming ethanol: A relaxation process, Phys. Rev. B 62 8878–8883. (2000).;
DOI:10.1103/PhysRevB.62.8878

45.

C. Hansen, F. Stickel, T. Berger, R. Richert and E. W. Fischer, Dynamics of glass-forming liquids. III.
Comparing the dielectric α- and β-relaxation of 1-propanol and o-terphenyl, J. Chem. Phys. 107
25

1086. (1997).; DOI:10.1063/1.474456
46.

C. León, K. L. Ngai and C. M. Roland, Relationship between the primary and secondary dielectric
relaxation processes in propylene glycol and its oligomers, J. Chem. Phys. 110 11585. (1999).;
DOI:10.1063/1.478006

47.

A. Huwe, F. Kremer, P. Behrens and W. Schwieger, Molecular Dynamics in Confining Space: From
the Single Molecule to the Liquid State, Phys. Rev. Lett. 82 2338–2341. (1999).;
DOI:10.1103/PhysRevLett.82.2338

48.

C. L. Jackson and G. B. McKenna, The glass transition of organic liquids confined to small pores, J.
Non. Cryst. Solids 131-133 221–224. (1991).; DOI:10.1016/0022-3093(91)90305-P

49.

C. L. Jackson and G. B. McKenna, Vitrification and Crystallization of Organic Liquids Confined to
Nanoscale Pores, Chem. Mater. 8 2128–2137. (1996).; DOI:10.1021/cm9601188

50.

M. Ahrenberg, E. Shoifet, K. R. Whitaker, H. Huth, M. D. Ediger and C. Schick, Differential
alternating current chip calorimeter for in situ investigation of vapor-deposited thin films, Rev.
Sci. Instrum. 83 033902. (2012).; DOI:10.1063/1.3692742

51.

A. Sepúlveda, S. F. Swallen and M. D. Ediger, Manipulating the properties of stable organic
glasses using kinetic facilitation, J. Chem. Phys. 138 12A517. (2013).; DOI:10.1063/1.4772594

52.

S. F. Swallen, K. Traynor, R. J. McMahon, M. D. Ediger and T. E. Mates, Stable Glass
Transformation to Supercooled Liquid via Surface-Initiated Growth Front, Phys. Rev. Lett. 102
065503. (2009).; DOI:10.1103/PhysRevLett.102.065503

53.

P. G. Wolynes, Spatiotemporal structures in aging and rejuvenating glasses, Proc. Natl. Acad. Sci.
U. S. A. 106 1353–8. (2009).; DOI:10.1073/pnas.0812418106

54.

C. Rodríguez-Tinoco, M. Gonzalez-Silveira, J. Ràfols-Ribé, A. F. Lopeandía, M. T. Clavaguera-Mora
and J. Rodríguez-Viejo, Evaluation of growth front velocity in ultrastable glasses of indomethacin
over a wide temperature interval, J. Phys. Chem. B 118 10795–801. (2014).;
DOI:10.1021/jp506782d

55.

S. S. Dalal and M. D. Ediger, Influence of substrate temperature on the transformation front
velocities that determine thermal stability of vapor-deposited glasses, J. Phys. Chem. B 119 3875–
82. (2015).; DOI:10.1021/jp512905a
26

56.

A. Mandanici, W. Huang, M. Cutroni and R. Richert, Dynamics of glass-forming liquids. XII.
Dielectric study of primary and secondary relaxations in ethylcyclohexane., J. Chem. Phys. 128
124505. (2008).; DOI:10.1063/1.2844797

57.

A. Gierer and K. Wirtz, Molekulare Theorie der Mikroreibung, Zeitschrift für Naturforsch. A 8 532–
538. (1953).; DOI:10.1515/zna-1953-0903

58.

E. Hill, Nora, Theoretical Treatment of Permitivity and Loss, Dielectr. Prop. Mol. Behav. 1–106.
(1969), London: Van Nostrand Reinhold Companty Ltd.

59.

F. Stickel, E. W. Fischer and R. Richert, Dynamics of glass-forming liquids. I. Temperaturederivative analysis of dielectric relaxation data, J. Chem. Phys. 102 6251. (1995).;
DOI:10.1063/1.469071

60.

F. Stickel, E. W. Fischer and R. Richert, Dynamics of glass-forming liquids. II. Detailed comparison
of dielectric relaxation, dc-conductivity, and viscosity data, J. Chem. Phys. 104 2043. (1996).;
DOI:10.1063/1.470961

61.

G. S. Fulcher, Analysis of Recent Measurements of the Viscosity of Glasses, J. Am. Ceram. Soc. 8
339–355. (1925).; DOI:10.1111/j.1151-2916.1925.tb16731.x

62.

Richard C. Bell, Hanfu Wang, A. Martin J. Iedema and J. P. Cowin, Nanometer-Resolved Interfacial
Fluidity, J. Am. Ceram. Soc. 125 5176–5185. (2003).; DOI:10.1021/ja0291437

63.

L. Zhu, C. W. Brian, S. F. Swallen, P. T. Straus, M. D. Ediger and L. Yu, Surface Self-Diffusion of an
Organic Glass, Phys. Rev. Lett. 106 256103. (2011).; DOI:10.1103/PhysRevLett.106.256103

64.

W. Zhang, C. Brian and L. Yu, Fast Surface Diffusion of Amorphous ortho -Terphenyl and its
Competition with Viscous Flow in Surface Evolution, J. Phys. Chem. B 119 5071–5078. (2015).;
DOI:10.1021/jp5127464

65.

S. Butler and P. Harrowell, Glassy relaxation at surfaces: The correlation length of cooperative
motion in the facilitated kinetic Ising model, J. Chem. Phys. 95 4466. (1991).;
DOI:10.1063/1.461769

66.

R. Malshe, M. D. Ediger, L. Yu and J. J. de Pablo, Evolution of glassy gratings with variable aspect
ratios under surface diffusion., J. Chem. Phys. 134 194704. (2011).; DOI:10.1063/1.3573903

67.

Z. Shi, P. G. Debenedetti and F. H. Stillinger, Properties of model atomic free-standing thin films,
27

J. Chem. Phys. 134 114524. (2011).; DOI:10.1063/1.3565480
68.

V. V. Hoang and T. Q. Dong, Free surface effects on thermodynamics and glass formation in
simple monatomic supercooled liquids, Phys. Rev. B 84 174204. (2011).;
DOI:10.1103/PhysRevB.84.174204

69.

J. D. Stevenson and P. G. Wolynes, On the surface of glasses., J. Chem. Phys. 129 234514. (2008).;
DOI:10.1063/1.3041651

70.

S. Mirigian and K. S. Schweizer, Theory of activated glassy relaxation, mobility gradients, surface
diffusion, and vitrification in free standing thin films, J. Chem. Phys. 143 244705. (2015).;
DOI:10.1063/1.4937953

71.

K. L. Kearns, S. F. Swallen, M. D. Ediger, T. Wu and L. Yu, Influence of substrate temperature on
the stability of glasses prepared by vapor deposition., J. Chem. Phys. 127 154702. (2007).;
DOI:10.1063/1.2789438

72.

S. Ruan, W. Zhang, Y. Sun, M. D. Ediger and L. Yu, Surface Diffusion and Surface Crystal Growth of
tris-Napthyl Benzene Glasses, J. Chem. Phys. 145 064503. (2016).; DOI:10.1063/1.4960301

73.

P. Sillrén, J. Bielecki, J. Mattsson, L. Börjesson and A. Matic, A statistical model of hydrogen bond
networks in liquid alcohols, J. Chem. Phys. 136 094514. (2012).; DOI:10.1063/1.3690137

74.
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