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A Beaker without Walls: Formation of Deeply Supercooled Binary Liquid Solutions
of Alcohols from Nanoscale Amorphous Solid Films
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Layered nanoscale amorphous solid films of methanol and ethanol undergo complete intermixing prior
to the onset of measurable desorption at 120 K. This intermixing precedes and inhibits crystallization.
Subsequent desorption of the film is described quantitatively by a kinetic model describing evaporation
from a continuously mixed ideal binary liquid solution. This occurs at temperatures below the melting
point of the binary mixture, indicating ideal behavior for the supercooled liquid solution. This approach
provides a new method for preparing and examining deeply supercooled solutions.
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Supercooled liquids are metastable and their lifetimes
are dictated by the kinetics for crystallization [1]. Tradi-
tional experimental studies have used a variety of methods
to suppress crystallization while cooling from the liquid
phase [2]. An alternate approach is to heat an amorphous
solid above its glass transition temperature, 7'y, Wwhereupon
it transforms into a deeply supercooled liquid prior to
crystallization [3,4]. We demonstrate that compositionally
tailored nanoscale films of glassy methanol and ethanol
exhibit complete diffusive intermixing and suppressed
crystallization when heated above T,. Furthermore, the
resulting containerless liquids evaporate as continuously
mixed ideal binary solutions while retaining their solidlike
macroscopic shapes.

Nanoscale amorphous binary films of methanol (M)
and ethanol (E) were grown at 20 K on a Pt(111) single
crystal in an ultrahigh vacuum chamber using molecular
beam techniques. The molecular beam allows for precise
calibration of the deposited amount. At this temperature
and at normal incidence, the vapor-deposited material
forms a dense amorphous solid [5]. Composite films hav-
ing a diameter ~6 mm were grown by sequential dosing
of methanol and ethanol. Experiments where methanol
was deposited on top of ethanol (M /E) and where ethanol
was deposited on top of methanol (E/M) were conducted.
The composite films were then heated and the desorption
of methanol and ethanol was measured mass spectromet-
rically. Concurrent evaluation of the condensed phase
chemical composition and physical state (amorphous ver-
sus crystalline) was performed using reflection-absorption
infrared spectroscopy (RAIRS).

Comparison of the desorption traces from composite
films grown with alternate dosing sequences (i.e., M/E
versus E/M) yields information about the extent of diffu-
sive intermixing. In the absence of intermixing, desorption
from these composite films would result in the species de-
posited on top evaporating first and impeding the evapora-
tion from the species deposited underneath [6]. Complete
intermixing would result in desorption traces independent
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of the initial dose order. Incomplete intermixing results in
complex desorption traces as described previously [3]. The
results from thermal desorption experiments on composite
methanol-ethanol films were independent of dose order for
films as thick as 300 total layers (~100 nm). Furthermore,
initially layered binary amorphous films displayed identi-
cal results to those from samples that were grown with
molecular beams made from premixed vapors. These ob-
servations indicate that initially layered amorphous films
have completely intermixed prior to the onset of measur-
able methanol desorption (7" ~ 120 K).

Given the observed intermixing, it is possible to esti-
mate a lower limit for the diffusivity of the binary films us-
ing the relation D ~ L?/t. Mixing occurs over a distance
of 100 nm in approximately 10 s requiring diffusivities in
excess of 107! cm?/s at T ~ 120 K. This diffusivity is
consistent with extrapolations of the pure liquid diffusivi-
ties to this temperature and about a millionfold smaller than
their diffusivities at room temperature [7]. This finding
indicates that the individual amorphous solid constituents
of the sample intermix and exhibit liquidlike behavior on
the nanoscale while the sample maintains its macroscopic
solidlike shape.

Previous calorimetric [8,9] and infrared [10] studies
have demonstrated that pure amorphous methanol and
ethanol crystallize upon heating above their respective
glass transition temperatures of 103 and 97 K. Figure 1
shows time sequences of the OH stretching region during
isothermal annealing experiments for various films. Unlike
the CH stretching region of the spectra, the OH stretching
region is mostly independent of the sample’s chemical
composition and allows us to separate out spectral fea-
tures arising from phase evolution. The bottom spectra
[Fig. 1(A)] are for a 30-monolayer- (ML-) thick film of
pure amorphous methanol annealed at 116 K. The first
spectrum in the series (tail of arrow) displays the broad
band characteristic of an amorphous solid [10], while
subsequent spectra show the emergence of a narrower

peak centered at 3310 cm™!'. A similar observation is
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FIG. 1. Vibrational spectra of the OH stretching region dur-

ing isothermal desorption experiments for (A) 30-ML-thick film
of pure amorphous methanol annealed at 116 K, (B) 30-ML-
thick film of pure amorphous ethanol annealed at 135 K, and
(C) 60-ML-thick initially layered xj = 0.5 amorphous com-
posite film of methanol and ethanol annealed at 135 K. The
spectra illustrate the difference in behavior between the pure
and mixed films (total time of 17 min, nonuniform time interval
between spectra).

made during the annealing of a 30-ML-thick film of pure
amorphous ethanol at 135 K [Fig. 1(B)]: the amorphous
spectrum evolves into a relatively sharp peak centered at
3260 cm™!. The last spectrum in each time sequence
corresponds to the fully crystallized film [10]. Both sets
of spectra display isosbestic points, indicating the conver-
sion from the metastable amorphous to the stable crys-
talline phase.

In contrast to the pure films, the spectra for an ini-
tially layered binary amorphous film are observed to re-
main amorphouslike for the duration of the experiment
at 135 K. Figure 1(C) displays the OH stretching region
of a composite film of ethanol (30 ML) deposited on top
of methanol (30 ML). As demonstrated below, the de-
crease in absorbance observed while annealing the binary
film at 135 K results from the preferential evaporation of
methanol from the mixture. The lack of crystallization
in this composite film indicates that intermixing preceded
and thereby inhibited the crystallization that occurs read-
ily in pure amorphous methanol or ethanol. This behavior
is consistent with the persistent supercooling observed in
methanol-ethanol liquid mixtures [11]. This finding is also
consistent with molecular dynamics simulations of binary
mixtures of both Lennard-Jones [12] and hard sphere flu-
ids [13]. These studies demonstrate that crystallization is
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inhibited due to the size difference between the two com-
ponents of the binary supercooled solution. Additionally,
we have recently demonstrated that extensive translational
diffusion occurs in concert with the crystallization of amor-
phous solid water, a single component system [3].

The inhibition of crystallization in methanol-ethanol
mixtures makes them well suited for studying deeply
supercooled liquid solutions formed from nanoscale
amorphous solids. The evaporation kinetics from these
composite films provide a stringent test for whether or not
these systems behave as homogeneous liquid solutions.
Films with initial methanol mole fractions, x?,,, between
0.15 and 1.00 were created at 20 K with a fixed 30 ML
dose of methanol and various amounts of ethanol. In all
cases, the results were independent of the initial dosing
sequence (i.e., M/E versus E/M). Figure 2 displays the
isothermal desorption of methanol from the pure (black
line) and composite films (blue symbols) at 138 K. The
constant desorption rate displayed by the pure methanol
film is indicative of zero-order kinetics as expected for
desorption from a pure substance. In contrast, the mixtures
exhibit an apparently complicated temporal line shape
that depends on xyy. At this temperature the total amount
of ethanol in a given film remains nearly constant owing
to its lower volatility. The conjugate ethanol spectra are
omitted for clarity.

For the mixtures, the initial methanol desorption rate
is observed to be proportional to xyy. This behavior is
reminiscent of an ideal solution for which the partial vapor
pressure of an individual component in a mixture is equal
to the product of the vapor pressure of the pure substance
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FIG. 2 (color). Isothermal (138 K) methanol desorption (heat-
ing rate of 0.6 K/s from 20 to 138 K) for a pure crystallized
methanol film (black line) and amorphous binary films (open
blue symbols) having initial methanol mole fractions 0.15 =
xpy = 0.85. (For clarity only every thirtieth point is shown.)
Ideal solution model simulations are shown as solid blue lines.
Inset: methanol (blue) and ethanol (red) desorption rates plotted
versus instantaneous methanol mole fraction, x;,.
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and its mole fraction (i.e., Raoult’s law) [14]. For an
ideal solution, the partial vapor pressure is always less than
the vapor pressure of the pure liquid. Interestingly, the
isothermal desorption signal from the pure methanol film
is smaller than that from composite films with xy > 0.6.
This arises because the pure methanol film crystallized
prior to reaching the isothermal desorption temperature
(see Fig. 1). The desorption rate from crystalline methanol
is lower than that from the metastable, supercooled liquid
because of its lower free energy [15].

The solid blue lines in Fig. 2 are the result of simula-
tions based on a kinetic model that treats evaporation from
an ideal solution exhibiting rapid continuous mixing as the
film evaporates. This mean-field model is based on two
differential equations coupled through the methanol mole
fraction. The time-dependent evaporation rates for metha-
nol and ethanol are dM /dt = xp(t)kyy(T) and dE/dt =
[1 — xp(2)]kz(T), respectively. The methanol mole frac-
tion is defined as xp(¢) = M(¢)/[M(¢) + E(t)], where
M(t) and E(¢) are the amounts of methanol and ethanol
remaining in the film at time ¢, respectively. We assume
an Arrhenius form for the temperature-dependent evapo-
ration rate k' (T) = v’ exp(—E! /RT) for the pure liquid
component, i [16]. The coupled desorption equations are
numerically integrated over the experimental temperature
ramp. The quantitative agreement between the simulation
and the experimental data indicates that the evaporation
exhibits ideal behavior and that the samples continuously
mix on a time scale fast relative to evaporation. To fur-
ther demonstrate this, we plot in the inset of Fig. 2 the
experimental methanol (blue) and ethanol (red) isothermal
desorption rates versus xy extracted from the desorption
data. For each component, all of the data fall on a nearly
linear common curve as expected from an ideal solution.

We have also studied the desorption kinetics using
temperature-programmed desorption (TPD) as shown in
Fig. 3 (open symbols). The initially layered amorphous bi-
nary films were composed of a fixed 30 ML dose of metha-
nol and various amounts of ethanol to yield xy between
0.85 and 0.15. Again, these results are independent of the
initial dosing sequence. Systematic changes in the metha-
nol desorption traces (blue symbols) are observed as xj
decreases. In particular, the desorption peaks shift to
higher temperature and the TPD traces broaden signifi-
cantly. At higher temperatures, ethanol desorption is ob-
served to have a nearly common leading edge reminiscent
of zero-order desorption kinetics. Guided by Raoult’s law,
the methanol desorption rates, dM /dt, are divided by the
instantaneous methanol mole fractions, x,/(¢), to obtain
the temperature-dependent desorption rate for pure liquid
methanol, kjy (7). This collapses all of the TPD traces
onto a single curve (green symbols) which is well fit by an
Arrhenius equation (green line). This procedure yields the
evaporation rate from pure supercooled liquid methanol
that cannot be measured directly because of its rapid
crystallization at low temperature (see Fig. 1). We use
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FIG. 3 (color). Methanol (blue) and ethanol (red) TPD (heat-
ing rate of 0.6 K/s) for amorphous binary films having initial
methanol mole fractions 0.15 < xj; =< 0.85. (For clarity only
every third point is shown.) Ideal solution model simulations
are shown as solid lines. The solid green line is an Arrhenius
fit to the methanol data normalized by the instantaneous mole
fraction (green points) and corresponds to the desorption rate of
pure supercooled liquid methanol.

the extracted supercooled methanol desorption parameters
[16] to simulate the TPD experiments (solid lines, Fig. 3).
The excellent agreement between the simulations and the
experimental data indicates that the films continuously
mix and obey Raoult’s law during their evaporation.

The methanol-ethanol liquid-solid phase diagram [11]
is shown in Fig. 4. Superimposed on the phase diagram
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FIG. 4. Methanol-ethanol liquid-solid phase diagram. The
solid points are melting point data and the dashed lines cor-
respond to melting and eutectic lines extrapolated from these
data [11]. The glass transition temperatures of 103 and 97 K
for methanol and ethanol, respectively [8,9], are indicated by
the arrows. The solid lines are the trajectories followed by iso-
thermal desorption (ISO) and temperature-programmed desorp-
tion (TPD) experiments with x?l = 0.85.
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are the “trajectories” for isothermal (ISO) and TPD ex-
periments with xyy = 0.85. These experiments begin at
20 K and then move vertically at constant x;, as the sample
temperature is increased. We observe complete homoge-
neous intermixing by the onset of measurable desorption
at T ~ 120 K. Other experiments (not shown here) indi-
cate that the sample does not mix prior to heating above T,
(~100 K). Since methanol desorbs more rapidly than etha-
nol, the trajectories start moving toward smaller xy for
T > 130 K. The isothermal desorption experiment fol-
lows a horizontal line at 138 K while the TPD experiment
continues to higher temperatures as methanol evaporates.
Similar trajectories can be constructed for the experiments
with different xj; but for clarity are omitted here.

The phase diagram shows that the initial intermixing
and the subsequent ideal solution evaporation behavior ob-
served in our experiments occur in regions where, at equi-
librium, we expect to observe crystallization of one or
more of the components. In particular, three distinct phase
boundaries are crossed for the trajectories in Fig. 4. How-
ever, no evidence of phase transformation is observed upon
crossing any of these phase boundaries in either the RAIRS
data (Fig. 1) or the desorption data (Figs. 2 and 3). For this
to occur, the crystallization time must exceed the experi-
mental desorption time. Although not shown here, we do
observe crystallization in experiments employing thicker
films that remain in the metastable region longer.

Collectively, these observations indicate that amor-
phous solid binary films of methanol and ethanol trans-
form into deeply supercooled liquid solutions when heated
above their glass transition temperatures (7, ~ 100 K).
Furthermore, these thin binary liquid films evaporate as
well-mixed ideal solutions, demonstrating that the ideal
behavior observed at room temperature [17,18] persists
into the deeply supercooled state. These films exhibit
liquidlike behavior on the nanoscale while maintaining
sufficient macroscopic rigidity to retain their shape—a
beaker without walls. Compositionally tailored nanoscale
amorphous films provide a new means for preparing and
examining deeply supercooled solutions in metastable
regions of their phase diagram.
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