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ABSTRACT: Spectroscopic ellipsometry was used to characterize vapor- 1.011
deposited glasses of ethylbenzene (Tg = 115.7 K). For this system, previous
calorimetric experiments have established that a transition to the ideal glass state
is expected to occur near 101 K (the Kauzmann temperature, Ty) if the low-
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temperature supercooled liquid has the properties expected based upon =° 1001 Liquid-cooled glasses s’
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of low deposition rate have densities consistent with the extrapolated supercooled
liquid. The highest density glass is within 0.15% of the density expected for the
ideal glass. These results support the hypothesis that the extrapolated properties v
of supercooled ethylbenzene are correct to within just a few Kelvin of Ty,
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consistent with the existence of a phase transition to an ideal glass state at Tk.

lasses are nonequilibrium materials, and thus, their

properties depend upon how they are prepared. For
example, for a typical liquid with a positive thermal expansion
coefficient, the glass prepared by cooling at 1 K/min will be
denser than the glass prepared by cooling at 10 K/min. Slower
cooling allows the liquid to remain in equilibrium down to
lower temperatures, where the density is higher. This scenario
might suggest that the liquid density would continue to rise if
the liquid could be equilibrated even as temperature
approached T = 0 K, but there are good reasons to think
that this is not the case. Kauzmann described how the entropy
provides a bound on the properties of the amorphous state.'
The entropy of a supercooled liquid typically decreases more
rapidly with temperature than does the crystal entropy. If this
trend continued unabated down to T = 0 K, the entropy of the
liquid would be less than the entropy of the crystal, in violation
of the third law of thermodynamics.” For understanding glass
formation, it is useful to consider the configurational part of
the liquid entropy as this quantity decreases rapidly with
decreasing temperature and must remain positive. In the limit
in which a liquid is cooled infinitely slowly, a number of
scenarios have been suggested to avoid the configurational
entropy crisis, including a phase transition to an “ideal glass”
state at a temperature denoted the Kauzmann temperature
(Tx).”* Conventionally, Ty is defined as the temperature
where the extrapolated configurational entropy is zero. In this
scenario, the ideal glass is the amorphous state with the lowest
position on the potential energy landscape.

One current theoretical approach supports the idea of a
phase transition at Ty, positing a random first-order transition
to the ideal glass.” Some recent computer simulations support
this scenario, showing a precipitous decrease of the liquid
entropy as temperature is decreased and direct indications of
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an increasing structural length scale associated with this loss of
entropy.”” While many experiments® are consistent with a
transition to an ideal glass at Ty, this is clearly not the only
possible resolution to the entropy crisis.” Alternatively, a first-
order phase transition could occur between T, and Ty;
evidence for liquid—liquid transitions has been reported
triphenyl phosphite,”'® ALO;~Y,0;,"" and water."”™"> The
free volume models of Cohen and Grest'® and the cooperative
bond-lattice excitation models of Angell'”"® also suggest a first-
order phase transition as the resolution to the entropy crisis.
Another possibility, a continuous change in liquid properties,
without a phase transition, has also been suggested;19 behavior
of this type has been obtained from two-state models”® and
computer simulations of specific systems.”' >

While it is important to understand the resolution to the
Kauzmann entropy crisis, it is difficult to do so because the
liquid must remain in equilibrium as T is approached. Liquids
cooled from above the melting temperature get “stuck” on the
energy landscape well above Ty; as the system is cooled at a
fixed rate, it falls out of equilibrium when the time required for
molecular motion exceeds that available.*>*° Since molecular
motions slow down dramatically as temperature is lowered,
cooling times well beyond experimental time scales would be
required to attain equilibrium even halfway from T, to Ty. This
limitation naturally leaves the question “do supercooled liquids
below the glass transition temperature have the properties
expected by extrapolation?” unanswered. To understand how
the entropy crisis might be resolved, nontraditional preparation
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techniques must be utilized to access states lower in the
potential energy landscape. Experiments on geologically aged
glasses’” and swap Monte Carlo computer simulations are
possible routes for approaching the ideal glass state.”” The
swap Monte Carlo simulations have been used to prepare
equilibrium supercooled liquids down to much lower temper-
atures than previously possible®” and are consistent with a
phase transition to an ideal glass state at Ty.”*™>°

Physical vapor deposition (PVD) is a promising route for
the preparation of glasses low on the potential energy
landscape.” ™" PVD glasses have properties expected for
glasses cooled at extremely low rates since rapid surface
equilibration during deposition allows the kinetic restrictions
of bulk cooling to be circumvented. In 2011, Ramos et al.
published high precision adiabatic calorimetry measurements
on PVD glasses of ethylbenzene (Tg ~ 116 K).”> They found
that glasses deposited at substrate temperatures from 105 to
110 K had the enthalpies expected for the extrapolated
supercooled liquid at the given substrate temperatures and are
thus very low in the potential energy landscape. One
interpretation of these results is that, at the deposition rate
used (2 nm/s), glasses vapor-deposited with substrate
temperatures down to 105 K (T + 4 K) are accurate models
for the equilibrium supercooled liquid. Still, this calorimetry
work left significant questions unanswered: Are the properties
of these PVD glasses independent of deposition rate, as would
be expected if equilibrium had been attained? Are PVD glasses
of ethylbenzene structurally isotropic, as expected for the
equilibrium supercooled liquid? Can glasses with properties
consistent with the extrapolated supercooled liquid be
obtained even closer to Ty?

To answer these questions, we investigate how the densities
of PVD glasses of ethylbenzene depend on a wide range of
substrate temperatures and deposition rates. In addition to the
work of Ramos et al,”” ethylbenzene has been well-
characterized by dielectric spectroscopy,” adiabatic calorim-
etry,25 nanocalorimetry34’36_38 light scattering experi-
ments,””*" and atomistic simulations.*' We find that glasses
of ethylbenzene deposited at temperatures between 107 and
116 K have densities consistent with the extrapolated
supercooled liquid when prepared with deposition rates near
0.7 nm/s. In this temperature range, the enthalpy of PVD
glasses of ethylbenzene is also consistent with high temper-
ature extrapolations.” If slower deposition rates are used,
either 0.07 or 0.02 nm/s, we can prepare ethylbenzene glasses
at a substrate temperature of 103 K that also have the density
expected for the extrapolated supercooled liquid. On the basis
of these results, we expect that PVD glasses can serve as
accurate models for the equilibrium supercooled liquid. Our
results support the hypothesis that the extrapolated properties
of supercooled ethylbenzene are correct to within just a few
Kelvin of T, consistent with the existence of a phase transition
to an ideal glass state at Tk.

In situ spectroscopic ellipsometry was used to characterize
PVD glasses of ethylbenzene as schematically illustrated in
Figure 1. Glass films roughly 400 nm thick were deposited
onto a temperature-controlled silicon wafer. The ellipsometer
source and detector were attached to the vacuum chamber, and
both were fixed at a 70° angle relative to the surface normal of
the silicon wafer. The ellipsometric data were fit in the 350—
1000 nm wavelength range to an anisotropic Cauchy model.
Further modeling details are provided in the Methods section.
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Figure 1. Schematic of in situ ellipsometry experiment. The source
and detector are both fixed at a 70° angle relative to the surface
normal of the silicon substrate.

Figure 2 illustrates the increased density and thermal
stability of PVD ethylbenzene glasses, showing data obtained
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Figure 2. In situ ellipsometry data from ramping experiments of
ethylbenzene deposited at Ty, = 103.3 K (0.89Tg) with a rate of 0.7
nm/s illustrating the increased density and kinetic stability of the PVD
glass. The top panel shows the thickness of the as-deposited glass in
comparison with the liquid-cooled glass. The bottom panel shows
mean-squared refractive index ((n?)). The black dashed lines are fits
to the data for the glasses and supercooled liquid. The intersection of
the extrapolated supercooled liquid line and as-deposited glass fit
defines the fictive temperature, T. The intersection of the supercooled
liquid and liquid-cooled glass fits define T, The structure of
ethylbenzene is shown in the bottom panel.

while increasing temperature at 5 K/min. The ethylbenzene
glass shown in Figure 2 was deposited at T,y = 103.3 K
Following deposition, the glass was first cooled to 90 K, heated
to above the T, and then, cooled to prepare a liquid-cooled
glass. The liquid-cooled glass was then heated and cooled two
additional times. All heating and cooling was Ferformed at S
K/min. As expected based on previous results,*” the PVD glass
is thinner and thus denser than the liquid-cooled glass.
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Additionally, the PVD glass has a higher refractive index. Since
ethylbenzene glasses can be anisotropic (birefringence is
discussed below) we report the mean-squared refractive
index,">** (n?), as follows:

nez + 27102
3 (1)

Here, n, is the refractive index out of the plane of the substrate,
and n, is the refractive index in the plane of the substrate.
Figure 2 also illustrates the definition of the fictive temperature
(T;). We extrapolate the fitted line of the supercooled liquid to
intersect the as-deposited glass curve; the intersection point is
T¢. Each experiment yields two fictive temperatures, character-
izing the density and refractive index of the vapor-deposited
glass; Ty = Ty, means that the as-deposited glass has the
density or refractive index expected for the (extrapolated)
supercooled liquid.

Figure 3 compares all glasses of ethylbenzene deposited at
0.7 nm/s over a range of substrate temperatures and illustrates
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Figure 3. Normalized change in thickness as a function of
temperature for glasses of ethylbenzene deposited at 0.7 nm/s. The
colored curves represent PVD glasses prepared at the indicated
substrate temperatures. The heating curve for the as-deposited glass
and the first heating curve for the corresponding liquid-cooled glass
are shown. The black and gray curves show results for liquid-cooled
glasses cooled at S and 0.5 K/min, respectively. The black dashed line
is the extrapolation of the equilibrium supercooled liquid. Colored
squares represent the normalized change in thickness at the
deposition temperature. When these squares lie on the dashed line,
the densities measured are consistent with the density expected for
the supercooled liquid. For clarity, only the glasses prepared with a
deposition rate of 0.7 nm/s are shown.

that PVD glasses prepared with substrate temperatures as low
as 107 K have densities consistent with the supercooled liquid.
The colored curves show the normalized thickness change of
the as-deposited glasses upon initial heating and the
subsequent heating scan for the corresponding liquid-cooled
glass. The change in thickness is inversely proportional to the
change in density. The black and gray curves show data for
liquid-cooled glasses prepared at two cooling rates, 5 and 0.5
K/min, respectively. The solid points show the normalized
change in thickness at each substrate temperature. The black
dashed line is the extrapolation of the equilibrium supercooled
liquid. Down to substrate temperatures of 107.3 K, the PVD

4071

glasses prepared with a deposition rate of 0.7 nm/s have
densities consistent with those expected for the supercooled
liquid. This substrate temperature range also results in PVD
glasses with enthalpies that are consistent with high temper-
ature extrapolations.”” For substrate temperatures below 107.3
K, deposition at 0.7 nm/s does not produce glasses that have
densities consistent with those expected for the supercooled
liquid (as illustrated by the colored squares that do not lie on
the line).

Figure 4 illustrates how lower deposition rates can be used
to increase the range of substrate temperatures for which the

108
o ® ® o
106 — R t al.
Te=Tow amos et a
1044 Taw = 107 K
108 4
< 106 §
o
S 1044 ? *
E —
(0] p —
Q. 102 Tf_Tsub
£ T = 103.3K
2 100
.g 110
k3]
T 108 4 ®
'S &
106 - § Ramos et al.
104 4
102 4
100 <=
o8 Tfl= Tsub . Tows =l100K
0.01 0.1 1

Log (deposition rate) / nm s

Figure 4. Fictive temperatures as a function of deposition rate for
ethylbenzene glasses deposited at 107 (green, top), 103.3 (blue,
middle), and 100 K (purple, bottom). The solid points are fictive
temperatures calculated from density measurements. Arrows and
dashed lines indicate where Ty = T, The open points represent
enthalpy measurements by Ramos et al.*®

extrapolated supercooled liquid density is attained. For glasses
deposited at 107 K (green, top panel), films prepared at two
different rates have fictive temperatures equal to the substrate
temperature; we interpret this to mean that both rates are slow
enough to achieve the equilibrium density during deposition.
For glasses deposited at 103.3 K (blue, middle panel), lowering
the deposition rate from 0.7 nm/s produces denser glasses as
indicated by the lower fictive temperatures. The good
agreement between fictive temperatures for the two slower
depositions suggests that the equilibrium density is attained
already with the intermediate deposition rate. For the lowest
substrate temperature shown, 100 K (purple, bottom panel),
lowering the deposition rate smoothly increases the density.
We conclude that even lower deposition rates would be
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required to reach the equilibrium density. The fictive
temperatures in Figure 4 are in excellent agreement with
those obtained from the enthalpy measurements of Ramos et
al.** In comparison with ref 33, lower deposition rates could be
achieved with the ellipsometry measurements since much
thinner films can be utilized, allowing us to extend the
temperature range where PVD glass properties match those of
the extrapolated supercooled liquid. On the basis of the
extrapolation of Tatsumi et al,” equilibration at 103.3 K
instead of 105 K lowers the configurational entropy by 30%.

By utilizing lower deposition rates, ethylbenzene glasses can
be prepared that have properties consistent with the
extrapolated supercooled liquid down to a temperature only
a few Kelvin above Ty. Figure S illustrates the fictive
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Figure S. Fictive temperature as a function of substrate temperature
during deposition for ethylbenzene glasses prepared at several rates.
At low deposition rates, PVD glasses have the properties expected for
the supercooled liquid to within 2 K of Ty. Red symbols are calculated
from thickness measurements; teal symbols are calculated from
refractive index measurements, and black squares from enthalpy
measurements.”” Open squares represent liquid-cooled glasses with
cooling rates indicated. The arrow indicates the location of Ty as
reported by ref 8. The gray solid lines are guides to the eye illustrating
trends for different deposition rates.

temperatures of glasses prepared with a range of substrate
temperatures and deposition rates. The black dashed line
shows T¢ = Tyy; the points that fall on this line represent
glasses that have properties consistent with those expected for
the supercooled liquid. Three different properties are
compared in Figure S. The colored points show fictive
temperatures for the density and refractive index for the
ethylbenzene glasses prepared in this work. The black squares
represent the enthalpy measurements of Ramos et al.” for
glasses deposited at 2 nm/s. There is excellent agreement
between the fictive temperatures calculated from these three
observables. In other words, in the limit of low deposition
rates, the density, enthalpy, and refractive index of vapor-
deposited glasses are all consistent with the values expected for
the supercooled liquid. Figure S establishes that PVD glasses of
ethylbenzene can approach the limit of “ideal glass” packing.
The glasses deposited at 0.02 nm/s at Tyy, = 103.3 K are only
0.15% less dense than the ideal glass (based upon extrapolation
to 101 K).

While Figure S illustrates the progress gained toward the
Kauzmann temperature by depositing glasses more slowly, it is
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worth noting that there is potential uncertainty in the value of
Tx. On the basis of adiabatic calorimetry data on the crystal,
supercooled liquid, and liquid-cooled glass of ethylbenzene,
Yamamuro et al. reported a Kauzmann temperature of 101 K.*
Their calculation of the configurational entropy of the
supercooled liquid includes a term that corrects for the
difference in vibrational entropy between the glass and crystal.
However, recent work’® has shown that PVD glasses of
ethylbenzene deposited near 103 K have heat capacities in the
temperature range just below T, that are roughly 2.5% lower
than a liquid-cooled glass. If we accept that the highest density
vapor-deposited glass is a better model for the ideal glass than
is the liquid-cooled glass, the value of Ty will shift. To estimate
the magnitude of this correction, we apply the 2.5% decrease in
heat capacity in the temperature window from 90 to 116 K.
Previous work has shown a correlation between the diminished
heat capacity and suppression of secondary relaxations in PVD
glasses of toluene,* and the temperature window above is a
reasonable estimate of the regime where secondary relaxations
might contribute to the heat capacity of the liquid-cooled glass
of ethylbenzene.” Accounting for this difference in heat
capacity, Yamamuro et al.’s value of Ty is lowered by 0.7 K to
just above 100 K. Our recalculation of Ty clearly makes a
significant assumption that could be tested with heat capacity
measurements on PVD glasses over a wide temperature range.

One potential criticism of PVD glasses serving as models for
the supercooled liquid is that deposited glasses can be
anisotropic.””*™** Thus, the birefringence of these PVD
glasses (also obtained from ellipsometry) provides a further
test of the extent to which the as-deposited films have the
structure expected for the supercooled liquid. Birefringence
values for glasses deposited at all substrate temperatures and
deposition rates are shown in Figure 6. For substrate
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Figure 6. Birefringence as a function of substrate temperature for
vapor-deposited glasses of ethylbenzene, with deposition rates
indicated in the legend. The black square is the average birefringence
of all glasses prepared by cooling the liquid at S K/min; the error bar
indicates one standard deviation. Error bars for the PVD glasses are
expected to be comparable.

temperatures above 109 K, all the as-deposited glasses are
isotropic within measurement error. At lower substrate
temperatures, the glasses are birefringent, with the maximum
value equal to 0.02. In this regime, as the deposition rate is
lowered, the birefringence values decrease significantly. This
behavior supports the view that PVD glasses approach the
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isotropic structure of the supercooled liquid in the limit of low
deposition rates.

The results presented here are significant in establishing that
PVD glasses can be useful models for the equilibrium
supercooled liquid. We have shown that the density and
refractive index values obtained in the limit of low deposition
rates are consistent with those expected for the supercooled
liquid down to 103 K. By combining our results with previous
measurements, we show that the density, refractive index, and
enthalpy of PVD ethylbenzene glasses all have the values
expected for the equilibrium supercooled liquid down to 105
K. While the glasses obtained at 103 K are mildly anisotropic,
those prepared at the lowest deposition rate are substantially
more isotropic than those prepared at higher deposition rates.
These results, taken together, strongly suggest that the
properties of the supercooled liquid, obtained by extrapolation
from above T,, are accurate down to a few Kelvin above Tk.

These new results on PVD glasses provide insight into the
resolution of the Kauzmann entropy crisis. At some point, the
extrapolation of the supercooled liquid entropy must fail. Prior
to work on PVD glasses, we understood that the entropy crisis
for ethylbenzene should somehow be resolved between T,
(116 K) and Ty (~101 K). As one extreme, the extrapolation
might fail gradually as the temperature is lowered below T,
with continuously larger deviations between the actual
supercooled liquid properties and those obtained by
extrapolation. At the opposite extreme, the extrapolation
might fail at the lowest possible temperature (Ty) via a
phase transition. The results presented here on PVD glasses of
ethylbenzene, in combination with those from ref 33, establish
with reasonable certainty that the extrapolated properties of
the supercooled liquid of ethylbenzene are accurate down to
within a few Kelvin of Ty. For this system, the entropy crisis is
not resolved by a gradual failure of the high-temperature
extrapolation as temperature is lowered. Rather, the properties
of the supercooled liquid must adjust fairly abruptly below 103
K, either continuously or via a phase transition. Thus, these
experiments on PVD glasses substantially increase the
likelihood of a phase transition to the ideal glass of
ethylbenzene at the Kauzmann temperature. It is possible
that other liquids may resolve the entropy crisis differently; for
example, systems exhibiting polyamorphism may undergo a
liquid—liquid transition instead.

On the basis of results in the literature, PVD is most likely to
access equilibrated states close to Ty for low molecular weight
systems without hydrogen bonding.”” To test the generality of
the results presented here for ethylbenzene, it would be useful
for future experiments utilizing low deposition rates to study
toluene as there is evidence from calorimetry’*” that glasses
with fictive temperatures close to Ty can also be prepared for
this system.

B METHODS

Ethylbenzene glasses were prepared by PVD in a vacuum
chamber described previously.”*~* Ethylbenzene was obtained
from Sigma-Aldrich (anhydrous, 99.8% purity) and used
without further purification. The molecules are introduced
into the vacuum chamber (base pressure ~ 107 Torr) via a
fine leak valve. All films deposited were about 400 nm thick.

For in situ ellipsometry measurements, ethylbenzene
molecules are deposited directly onto a 1 in. silicon wafer
with a 25 nm oxide layer. The silicon wafer is in thermal
contact via indium foil with a copper finger cooled by nitrogen
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gas. The copper finger houses a platinum RTD (resistance
temperature detector) and a cartridge heater that are used to
control the temperature of the silicon wafer in conjunction
with a Lakeshore 340 temperature controller. Because of the
imperfect thermal contact between the copper finger and the
silicon wafer, a correction of 3—4 K was applied to obtain the
temperature of the PVD glass on the silicon wafer. We use the
T, value obtained upon heating the liquid-cooled glass
(cooling and heating both at S K/min) as our reference
temperature. On the basis of the dielectric relaxation
measurements, Chen et al.®> report that the structural
relaxation time has a value of 100 s at 115.7 K, and we use
this value for T, for the glass prepared by cooling at § K/min.
All the liquid-cooled glasses discussed in this Letter were
prepared by cooling at § K/min, except for one data set shown
in Figure 3 (cooled at 0.5 K/min).

Ellipsometry measurements were performed using a J. A.
Woollam M-2000U ellipsometer with an incident angle of 70°.
The ellipsometric data were analyzed using an anisotropic
Cauchy model to describe the organic layer and fit in the
wavelength range of 350—1000 nm. The Cauchy model is
shown in eq 2 and has been used previously for anisotropic
organic films.**

B

B
n(4) = A, + ?; n(1) = A, + o

2
During the heterogeneous transformation*” of vapor-deposited
glasses (from 123 to 125 K in Figure 2), this model is not
adequate to quantitatively describe the data; this has no impact
on Figures 4 and 5 or on our conclusions.

Ellipsometry data was obtained during heating at 5§ K/min
and was fit following the procedure outlined in 2001 by
Dalnoki-Veress et al.”> using the function described by eq 3:

Yol

)” 3)

This fit results in the values of T, for the as-deposited
glass and the value of T, for the liquid-cooled glass. The fit also
provides the hy value used to normalize the data in Figure 3.
To obtain the fictive temperatures for both the thickness and
refractive index data, the high-temperature linear portion of the
fit to the supercooled liquid data was extended to intersect
with the fit for the as-deposited glass, similar to the procedure
in ref 54. Sample fits are provided in the Supporting
Information. Vertical error bars in Figures 4 and 5 represent
the error in the determination of the fictive temperature due to
the uncertainty in fitting eq 3. Horizontal error bars in Figure §
represent the uncertainty in the temperature. Note that our
ellipsometry measurements were not used to determine
absolute densities; the density of the as-deposited glass relative
to the liquid-cooled glass allows the determination of Tk

M —

WT) = w( +(T-1)

(M+G
2

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jp-
clett.9b01508.

Sample fits of ellipsometry data to the model of Dalnoki-
Veress et al.>> (PDF)

DOI: 10.1021/acs.jpclett.9b01508
J. Phys. Chem. Lett. 2019, 10, 4069—4075


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01508/suppl_file/jz9b01508_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01508/suppl_file/jz9b01508_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.9b01508
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.9b01508
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01508/suppl_file/jz9b01508_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.9b01508

The Journal of Physical Chemistry Letters

B AUTHOR INFORMATION

ORCID

M. S. Beasley: 0000-0003-4432-021X
C. Bishop: 0000-0002-2889-1752

M. D. Ediger: 0000-0003-4715-8473

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We would like to thank Marie Fiori for assistance in analyzing
ellipsometry results and Diane Walters for experimental
assistance. We would also like to thank Ludovic Berthier,
Ranko Richert, Birte Riechers, and Amanda Young-Gonzales
for helpful discussions. This work was supported by the U.S.
National Science Foundation (Grant No. CHE-1564663 and
CHE-1854930).

B REFERENCES

(1) Kauzmann, W. The Nature of the Glassy State and the Behavior
of Liquids at Low Temperatures. Chem. Rev. 1948, 43, 219—256.

(2) Stillinger, F. H.; Debenedetti, P. G.; Truskett, T. M. The
Kauzmann Paradox Revisited. J. Phys. Chem. B 2001, 105, 11809—
11816.

(3) Gibbs, J. H.; DiMarzio, E. A. Nature of the Glass Transition and
the Glassy State. J. Chem. Phys. 1958, 28, 373—383.

(4) Adam, G; Gibbs, J. H. On the Temperature Dependence of
Cooperative Relaxation Properties in Glass-Forming Liquids. J. Chem.
Phys. 1965, 43, 139—146.

(5) Lubchenko, V.; Wolynes, P. G. Theory of Structural Glasses and
Supercooled Liquids. Annu. Rev. Phys. Chem. 2007, 58, 235—266.

(6) Ninarello, A.; Berthier, L.; Coslovich, D. Models and Algorithms
for the Next Generation of Glass Transition Studies. Phys. Rev. X
2017, 7, No. 021039.

(7) Berthier, L.; Ozawa, M.; Scalliet, C. Configurational Entropy of
Glass-Forming Liquids. J. Chem. Phys. 2019, 150, 160902.

(8) Tatsumi, S.; Aso, S.; Yamamuro, O. Thermodynamic Study of
Simple Molecular Glasses: Universal Features in Their Heat Capacity
and the Size of the Cooperatively Rearranging Regions. Phys. Rev. Lett.
2012, 109, No. 045701.

(9) Tanaka, H.; Kurita, R.; Mataki, H. Liquid-Liquid Transition in
the Molecular Liquid Triphenyl Phosphite. Phys. Rev. Lett. 2004, 92,
No. 025701.

(10) Kobayashi, M.; Tanaka, H. The Reversibility and First-Order
Nature of Liquid—Liquid Transition in a Molecular Liquid. Nat.
Commun. 2016, 7, 13438.

(11) Aasland, S.; McMillan, P. F. Density-Driven Liquid—Liquid
Phase Separation in the System Ai203—Y203. Nature 1994, 369,
633—636.

(12) Poole, P. H.; Sciortino, F.; Essmann, U.; Stanley, H. E. Phase
Behaviour of Metastable Water. Nature 1992, 360, 324—328.

(13) Debenedetti, P. G. Supercooled and Glassy Water. J. Phys.:
Condens. Matter 2003, 15, R1669.

(14) Tanaka, H. Bond Orientational Order in Liquids: Towards a
Unified Description of Water-Like Anomalies, Liquid-Liquid Tran-
sition, Glass Transition, and Crystallization. Eur. Phys. J. E: Soft Matter
Biol. Phys. 2012, 35, 113.

(15) Amann-Winkel, K; Gainaru, C.; Handle, P. H,; Seidl, M,;
Nelson, H.; Bohmer, R.; Loerting, T. Water’'s Second Glass
Transition. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 17720—17725.

(16) Cohen, M. H,; Grest, G. S. Liquid-Glass Transition, a Free-
Volume Approach. Phys. Rev. B: Condens. Matter Mater. Phys. 1979,
20, 1077—1098.

(17) Angell, C. A; Rao, K. J. Configurational Excitations in
Condensed Matter, and the Bond Lattice” Model for the Liquid-Glass
Transition. J. Chem. Phys. 1972, 57, 470—481.

4074

(18) Matyushov, D. V.; Angell, C. A. Gaussian Excitations Model for
Glass-Former Dynamics and Thermodynamics. J. Chem. Phys. 2007,
126, No. 094501.

(19) Stillinger, F. H. Supercooled Liquids, Glass Transitions, and the
Kauzmann Paradox. . Chem. Phys. 1988, 88, 7818—7825.

(20) Macedo, P. B.; Capps, W.; Litovitz, T. A. Two-State Model for
the Free Volume of Vitreous B203. J. Chem. Phys. 1966, 44, 3357—
3364.

(21) Saika-Voivod, I; Poole, P. H.; Sciortino, F. Fragile-to-Strong
Transition and Polyamorphism in the Energy Landscape of Liquid
Silica. Nature 2001, 412, 514—517.

(22) Saika-Voivod, 1; Sciortino, F.; Poole, P. H. Free Energy and
Configurational Entropy of Liquid Silica: Fragile-to-Strong Crossover
and Polyamorphism. Phys. Rev. E 2004, 69, No. 041503.

(23) Saksaengwijit, A.; Reinisch, J.; Heuer, A. Origin of the Fragile-
to-Strong Crossover in Liquid Silica as Expressed by Its Potential-
Energy Landscape. Phys. Rev. Lett. 2004, 93, 235701.

(24) Wolfgardt, M.; Baschnagel, J.; Paul, W.; Binder, K. Entropy of
Glassy Polymer Melts: Comparison between Gibbs-Dimarzio Theory
and Simulation. Phys. Rev. E: Stat. Phys, Plasmas, Fluids, Relat.
Interdiscip. Top. 1996, 54, 1535—1543.

(25) Yamamuro, O.; Tsukushi, I; Lindqvist, A.; Takahara, S.;
Ishikawa, M.; Matsuo, T. Calorimetric Study of Glassy and Liquid
Toluene and Ethylbenzene: Thermodynamic Approach to Spatial
Heterogeneity in Glass-Forming Molecular Liquids. J. Phys. Chem. B
1998, 102, 1605—1609.

(26) Ediger, M. D.; Angell, C. A;; Nagel, S. R. Supercooled Liquids
and Glasses. J. Phys. Chem. 1996, 100, 13200—13212.

(27) Zhao, J.; Simon, S. L.; McKenna, G. B. Using 20-Million-Year-
Old Amber to Test the Super-Arrhenius Behaviour of Glass-Forming
Systems. Nat. Commun. 2013, 4, 1783.

(28) Kob, W.; Berthier, L. Probing a Liquid to Glass Transition in
Equilibrium. Phys. Rev. Lett. 2013, 110, 245702.

(29) Berthier, L.; Jack, R. L. Evidence for a Disordered Critical Point
in a Glass-Forming Liquid. Phys. Rev. Lett. 2015, 114, 205701.

(30) Berthier, L.; Charbonneau, P.; Coslovich, D.; Ninarello, A.;
Ozawa, M.; Yaida, S. Configurational Entropy Measurements in
Extremely Supercooled Liquids That Break the Glass Ceiling. Proc.
Natl. Acad. Sci. U. S. A. 2017, 114, 11356—11361.

(31) Swallen, S. F.; Kearns, K. L.; Mapes, M. K;; Kim, Y. S;
McMahon, R. J.; Ediger, M. D.; Wu, T.; Yu, L,; Satija, S. Organic
Glasses with Exceptional Thermodynamic and Kinetic Stability.
Science 2007, 315, 353—356.

(32) Ediger, M. D. Perspective: Highly Stable Vapor-Deposited
Glasses. J. Chem. Phys. 2017, 147, 210901.

(33) Ramos, S. L.; Oguni, M.; Ishii, K.; Nakayama, H. Character of
Devitrification, Viewed from Enthalpic Paths, of the Vapor-Deposited
Ethylbenzene Glasses. J. Phys. Chem. B 2011, 115, 14327—14332.

(34) Leon-Gutierrez, E.; Septlveda, A,; Garcia, G.; Clavaguera-
Mora, M. T.; Rodriguez-Viejo, J. Stability of Thin Film Glasses of
Toluene and Ethylbenzene Formed by Vapor Deposition: An in Situ
Nanocalorimetric Study. Phys. Chem. Chem. Phys. 2010, 12, 14693—
14698.

(35) Chen, Z.; Richert, R. Dynamics of Glass-Forming Liquids. Xv.
Dynamical Features of Molecular Liquids That Form Ultra-Stable
Glasses by Vapor Deposition. J. Chem. Phys. 2011, 135, 124515.

(36) Ahrenberg, M.; Chua, Y. Z.; Whitaker, K. R.; Huth, H.; Ediger,
M. D.; Schick, C. In Situ Investigation of Vapor-Deposited Glasses of
Toluene and Ethylbenzene Via Alternating Current Chip-Nano-
calorimetry. J. Chem. Phys. 2013, 138, No. 024501.

(37) Leon-Gutierrez, E.; Sepilveda, A; Garcia, G; Clavaguera-
Mora, M. T.; Rodriguez-Viejo, J. Correction: Stability of Thin Film
Glasses of Toluene and Ethylbenzene Formed by Vapor Deposition:
An in Situ Nanocalorimetric Study. Phys. Chem. Chem. Phys. 2016, 18,
8244—824S.

(38) Bhattacharya, D.; Sadtchenko, V. Vapor-Deposited Non-
Crystalline Phase Vs Ordinary Glasses and Supercooled Liquids:
Subtle Thermodynamic and Kinetic Differences. J. Chem. Phys. 2015,
142, 164510.

DOI: 10.1021/acs.jpclett.9b01508
J. Phys. Chem. Lett. 2019, 10, 4069—4075


http://orcid.org/0000-0003-4432-021X
http://orcid.org/0000-0002-2889-1752
http://orcid.org/0000-0003-4715-8473
http://dx.doi.org/10.1021/acs.jpclett.9b01508

The Journal of Physical Chemistry Letters

(39) Ishii, K; Okamura, T.; Ishikawa, N.; Nakayama, H. A Novel
Change of Light Transmission in Supercooled Liquid State of
Ethylbenzene. Chem. Lett. 2001, 30, 52—53.

(40) Ishii, K; Nakayama, H.; Hirabayashi, S.; Moriyama, R.
Anomalously High-Density Glass of Ethylbenzene Prepared by
Vapor Deposition at Temperatures Close to the Glass-Transition
Temperature. Chem. Phys. Lett. 2008, 459, 109—112.

(41) Antony, L. W.; Jackson, N. E,; Lyubimov, L; Vishwanath, V.;
Ediger, M. D.; de Pablo, J. J. Influence of Vapor Deposition on
Structural and Charge Transport Properties of Ethylbenzene Films.
ACS Cent. Sci. 2017, 3, 415—424.

(42) Dalal, S. S; Ediger, M. D. Molecular Orientation in Stable
Glasses of Indomethacin. J. Phys. Chem. Lett. 2012, 3, 1229—1233.

(43) Vuks, M. F. On the Theory of Double Refraction of Liquids
and Solution in an Electric Field. Opt. Spectrosc. 1966, 21, 383—388.

(44) Yu, H. B; Tylinski, M.; Guiseppi-Elie, A.; Ediger, M. D,;
Richert, R. Suppression of Beta Relaxation in Vapor-Deposited
Ultrastable Glasses. Phys. Rev. Lett. 2015, 115, 185501.

(45) Goldstein, M. Viscous Liquids and the Glass Transition. V.
Sources of the Excess Specific Heat of the Liquid. J. Chem. Phys. 1976,
64, 4767—4774.

(46) Liu, T.; Exarhos, A. L, Alguire, E. C; Gao, F; Salami-
Ranjbaran, E.; Cheng, K; Jia, T,; Subotnik, J. E.; Walsh, P. J;
Kikkawa, J. M.; et al. Birefringent Stable Glass with Predominantly
Isotropic Molecular Orientation. Phys. Rev. Lett. 2017, 119,
No. 095502.

(47) Dalal, S. S.; Walters, D. M.; Lyubimov, I; de Pablo, J. J.; Ediger,
M. D. Tunable Molecular Orientation and Elevated Thermal Stability
of Vapor-Deposited Organic Semiconductors. Proc. Natl. Acad. Sci. U.
S. A. 2015, 112, 4227—4232.

(48) Walters, D. M.; Antony, L.; de Pablo, J. J.; Ediger, M. D.
Influence of Molecular Shape on the Thermal Stability and Molecular
Orientation of Vapor-Deposited Organic Semiconductors. J. Phys.
Chem. Lett. 2017, 8, 3380—3386.

(49) Tylinski, M.; Chua, Y. Z.; Beasley, M. S.; Schick, C.; Ediger, M.
D. Vapor-Deposited Alcohol Glasses Reveal a Wide Range of Kinetic
Stability. ]. Chem. Phys. 2016, 145, 174506.

(50) Whitaker, K. R; Scifo, D. J.; Ediger, M. D.; Ahrenberg, M.;
Schick, C. Highly Stable Glasses of Cis-Decalin and Cis/Trans-
Decalin Mixtures. J. Phys. Chem. B 2013, 117, 12724—12733.

(51) Tylinski, M.; Sepulveda, A.; Walters, D. M.; Chua, Y. Z.; Schick,
C.; Ediger, M. D. Vapor-Deposited Glasses of Methyl-M-Toluate:
How Uniform Is Stable Glass Transformation? J. Chem. Phys. 2015,
143, 244509.

(52) Ahrenberg, M.; Shoifet, E.; Whitaker, K. R;; Huth, H.; Ediger,
M. D.; Schick, C. Differential Alternating Current Chip Calorimeter
for in Situ Investigation of Vapor-Deposited Thin Films. Rev. Sci.
Instrum. 2012, 83, No. 033902.

(53) Dalnoki-Veress, K; Forrest, J. A; Murray, C.; Gigault, C;
Dutcher, J. R. Molecular Weight Dependence of Reductions in the
Glass Transition Temperature of Thin, Freely Standing Polymer
Films. Phys. Rev. E: Stat. Phys., Plasmas, Fluids, Relat. Interdiscip. Top.
2001, 63, No. 031801.

(54) Zhang, Y.; Woods, C. N.; Alvarez, M,; Jin, Y.; Riggleman, R. A;
Fakhraai, Z. Effect of Substrate Interactions on the Glass Transition
and Length-Scale of Correlated Dynamics in Ultra-Thin Molecular
Glass Films. J. Chem. Phys. 2018, 149, 184902.

4075

DOI: 10.1021/acs.jpclett.9b01508
J. Phys. Chem. Lett. 2019, 10, 4069—4075


http://dx.doi.org/10.1021/acs.jpclett.9b01508

