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One- and two-dimensional wide-angle X-ray scattering (1D and 2D WAXS) measurements were performed
on vapor-deposited glasses of indomethacin. Physical vapor deposition can be used to prepare organic glasses
with high kinetic stability and other properties that are expected for glasses that have been aged for thousands
of years. It was previously reported that 1D WAXS from such stable glasses contains an extra peak at ¢ =
0.6 A~! that is not characteristic of the ordinary glass or expected for a highly aged glass. 2D WAXS
measurements presented here show that the extra WAXS peak is caused by anisotropic packing in the vapor-
deposited glass. The electron density is modulated normal to the film surface with a period roughly equal to
the center of mass separation of indomethacin molecules. When such samples are annealed, the packing in
the sample becomes isotropic. The transformation time for this process is much longer than the structural
relaxation of the supercooled liquid and has a weaker temperature dependence. The observed temperature
dependence of the transformation time is consistent with a growth front mechanism for the conversion of the

stable glass into the supercooled liquid.

Introduction

A method has recently been discovered that allows the
preparation of amorphous solids that have the properties
expected for highly aged glasses.! These materials can be
prepared by physical vapor deposition when the correct substrate
temperature (7,,) and deposition rate are used. These materials
are called amorphous because, like liquid-cooled glasses, they
have broad X-ray diffraction patterns.? As compared to ordinary
glasses formed by cooling a supercooled liquid, these vapor-
deposited materials show higher mobility onset temperatures,*°
larger enthalpy overshoots,*”” lower heat capacities,® lower water
vapor uptake,” higher densities,"'®!" and higher moduli.'?
Because these new materials are stable to temperatures consid-
erably higher than the conventional glass transition temperature
T,, they are often described as stable glasses. The vapor-
deposited samples are so stable that it has been estimated that
it would take over 1000 years of aging to produce samples with
the same properties even though the vapor deposition process
requires only a few hours.” Stable glasses have now been
prepared from many different molecules* and could have
technological utility as vapor deposition is used to make thin
amorphous films for organic electronics.'*!* It has been shown
already that by simply changing the deposition temperature the
lifetime of devices made by vapor deposition can be enhanced.'?
It is also possible that next-generation photolithography will
employ vapor-deposited amorphous films.!>1¢

In addition to having properties that would be expected for
highly aged glasses, stable vapor-deposited films have two
properties that were not expected. The most stable vapor-
deposited glasses of the glass-forming drug indomethacin® show
a large extra peak in wide-angle X-ray scattering (WAXS)
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measurements; these samples were vapor-deposited at low rates
onto substrates held near 0.847,. Such a peak was not anticipated
since WAXS measurements in the supercooled liquid above T,
show very little temperature dependence. In addition, aging an
ordinary glass for more than a month did not produce any sign
of an extra scattering peak. When the stable glass films were
annealed above T, the extra WAXS peak slowly disappeared
and the WAXS pattern of the supercooled liquid was recovered.
Possible explanations? for the extra peak found in stable glasses
include a first-order phase transition to a new packing arrange-
ment below the conventional T, and anisotropic packing.

The other unexpected property of stable vapor-deposited
glasses is that thin films transform into the supercooled liquid
via a surface-initiated growth front mechanism.®'"~!° For
ordinary glasses, a spatially homogeneous transformation from
glass to supercooled liquid is observed when a sample is heated
to near 7,.%° It was shown by Kovacs that the time required for
this transformation can be related to the structural relaxation
time of the supercooled liquid as measured by dielectric
spectroscopy or mechanical relaxation.?’? In contrast, for stable
glass samples prepared at 0.847,, a mobility front grows into
the film at a constant velocity from the free surface (and
sometimes from the glass/substrate interface).!” The material
behind the front is observed to mix like a supercooled liquid,
while the material before the front remains in a vitrified state.
However, the discovery of growth fronts in thin films does not
explain how thick stable glass samples transform into the
supercooled liquid. In contrast to thin films, the transformation
time for thick films is independent of the sample dimensions.®
Do thick stable glasses transform through a growth front
mechanism or through a homogeneous transformation more
similar to the behavior of ordinary glasses?

Here we use two-dimensional (2D) WAXS and one-
dimensional (1D) WAXS to learn more about the unexpected
scattering and transformation properties of stable indomethacin
glasses. We used physical vapor deposition to prepare glass
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samples with a variety of substrate temperatures and deposition
rates. The structures of the as-deposited samples were analyzed
by 1D and 2D WAXS. We also measured the time required to
transform as-deposited samples into the supercooled liquid
during annealing with 1D WAXS and quasi-isothermal tem-
perature-modulated differential scanning calorimetry (qi-
TMDSC). Samples were annealed both in ambient relative
humidity and under dry nitrogen.

We find that the extra WAXS peak of stable indomethacin
glasses results from anisotropic packing. It originates from a
modulation of electron density in the direction normal to the
substrate surface with a period roughly equal to the spacing
between molecules. Thus, the extra WAXS peak found in stable
glasses is consistent with increased ordering along the direction
of deposition. When the as-deposited samples are annealed
isothermally in the vicinity of T, the anisotropic WAXS peak
disappears as the sample transforms into an isotropic liquid.
The temperature dependence of this process follows the tem-
perature dependence of the growth front velocity. A correlation
exists between the magnitude of the anisotropic WAXS feature
and the kinetic stability of the vapor-deposited glasses. At
substrate temperatures near 0.77,, the anisotropic peak is no
longer present, but other new features in the WAXS indicate
changes in molecular packing.

Materials and Methods

Materials. Crystalline indomethacin (IMC, 1-(4-chloroben-
zoyl)-5-methoxy-2-methyl-3-indoleacetic acid) with a purity of
greater than 99% was obtained from Sigma and used without
further purification. For the 2D WAXS experiments, samples
were deposited onto Si[100] wafers (25.4 mm diameter, 250
um thickness, single-side-polished) from Virginia Semiconduc-
tor. For 1D WAXS experiments, samples were vapor-deposited
onto Si[510] wafers (24 mm diameter, 1 mm thick, single-side-
polished) obtained from Gem Dugout (State Park, PA).

Methods. Physical vapor deposition was carried out in a
manner similar to what has been previously described.>*** Inside
the vacuum chamber, wafers or differential scanning calorimetry
(DSC) pans were attached to a temperature-controlled stage
using thermal contact grease. A crucible of IMC was heated to
obtain the desired deposition rate as monitored by a quartz
crystal microbalance. When the desired rate was achieved, the
source was moved under the wafer/pans to start the deposition.
The errors in the deposition conditions were 1 K for the
substrate temperature and +15% for the deposition rate. The
samples were approximately 20 um thick for WAXS measure-
ments and approximately 40 um thick for DSC. After the
depositions were complete, the DSC pans were hermetically
sealed. Both the DSC and WAXS samples were stored with
desiccant in the freezer to prevent aging prior to measurements.

The 2D WAXS measurements were taken on a Bruker Hi-
Star using Cu Ka (4 = 1.54 A) X-rays in a reflection geometry.
For most measurements, the sample plane and the X-ray beam
made an angle of 4°, corresponding to near grazing incidence.
A data collection time of 30 min was used for each frame. To
compensate for defects in the frames caused by detector
inhomogeneity, five successive frames were taken, with the
detector being translated between each frame. The five frames
were averaged using Datasqueeze taking into account the
detector translation. Area integrations were performed using the
GADDS controller software.

The 1D WAXS experiments were performed in a manner
similar to what has been previously described.> A Bruker D8
Advance was used in a Bragg—Brentano configuration using
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Cu Ka X-rays. The samples were scanned from g = 0.35 Al
to g = 2.45 A" with a step size 0.002 A~! and an integration
time of 4 s per step. A 0.6 mm wide receiver slit was used
which induced a broadening of ~0.002 A~'. A 21-point smooth
(decreasing the resolution to 0.008 A~") was applied to the raw
data, after which a background scan was subtracted; no further
corrections were applied to the data. Integrations of the 1D data
were performed using Origin 8.

1D WAXS measurements were also performed to monitor
structural changes occurring during isothermal annealing near
T,. Sample annealing was carried out in a custom-made oven
either under ambient humidity or under a flow of dry nitrogen
gas. Periodically, the samples would be removed from the oven
for a WAXS scan at room temperature and ambient humidity
and, after the measurement, returned to the oven. The “dry”
samples were placed in a nitrogen environment for 5—16 h prior
to further annealing to remove any water that may have been
absorbed during the X-ray measurements; this time is sufficient
to remove water from 20 um stable glass samples.” WAXS
measurements were repeated until the WAXS pattern of the
ordinary glass was obtained for at least three consecutive
annealing steps. The transformation time for the as-deposited
sample to transform into the supercooled liquid was defined as
the time at which AI decreased below a value of 0.05 (see eq
1).

The procedure utilized for the qi-TMDSC experiments has
been previously reported.?* A roughly 40 um film of IMC was
vapor-deposited into aluminum pans attached to the temperature-
controlled stage. After the deposition, the pans were hermetically
sealed using a DSC pan press. During this process, the samples
were exposed to ambient relative humidity for 5—10 min. The
pans were then stored in a desiccator in a freezer until testing.
No attempt was made to remove any water that had absorbed
into the films prior to sealing; previous experiments have shown
that 10 min allows for an absorption of less than 0.1 wt % water
at this thickness.” The gi-TMDSC measurements, performed
with a TA Instruments Q2000 differential scanning calorimeter,
utilized isothermal annealing at temperatures between 319 and
323 K (T, + 4 K to T, + 8 K). Throughout the measurement,
a periodic temperature modulation was applied with a period
of 60 s and a peak-to-peak amplitude of 0.5 K, allowing the
reversible heat capacity, C,, of the system to be measured as a
function of the annealing time. The initial heating from room
temperature to the annealing temperature required about 200 s.
The starting time (¢ = 0) is defined by the first time that the
sample reaches the annealing temperature. The annealing time
required for the sample C, to change 95% of the way from its
initial value to the supercooled liquid C, is defined as the
transformation time for qi-TMDSC measurements.

Results

2D WAXS. Figure la shows the 2D WAXS pattern for a
stable IMC glass sample. Two areas of high X-ray scattering
intensity (yellow regions) are clearly observed. To aid in the
interpretation of these data, two concentric circles have been
added to the frame as dashed lines. The center of the circles
marks ¢ = 0, i.e., the position where the incident X-ray beam
would have hit the detector had it not been blocked by the silicon
substrate. The inner circle is placed at ¢ = 0.6 A" and the
outer circle at ¢ = 1.4 A~'. Normally X-ray scattering from a
glass produces a radially symmetric pattern in 2D WAXS as a
result of the isotropic nature of the glass.?* Instead a “semicircle”
is observed at ¢ = 1.4 A~" for this sample deposited at 0.84T,
and 0.2 nm/s; the reflection geometry in our experiments causes
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Figure 1. WAXS results for a stable glass of IMC. Panel a shows the
2D scattering pattern with two areas of high-intensity scattering. Panel
b shows the 1D scattering curve, with peaks at 0.6 and 1.4 A™!; the
circles in panel a are drawn at these two ¢ values. In panel a, the
scattering at 1.4 A™! is a segment of a circle as expected for an
amorphous sample. In contrast, the scattering at 0.6 A~" is a spot that
satisfies the Bragg condition and indicates that the electronic density
varies periodically in the direction normal to the sample surface. This
indicates that the sample is anisotropic. For both experiments, IMC
samples were vapor-deposited at a rate of 0.2 nm/s onto substrates with
Ty = 0.84T,, The molecular structure for IMC is shown as an inset in
panel b.

the sample to block part of the detector and create a horizon.
We expect that this higher ¢ scattering would be radially
symmetric if a transmission experiment could be performed on
these samples. In contrast, the low ¢ scattering in Figure la is
clearly a spot, indicating that this scattering feature results from
anisotropy in the sample.

Two additional experiments were performed to better under-
stand the nature of the anisotropic scattering feature at ¢ = 0.6
A~'in Figure la. A WAXS measurement was taken after the
sample was rotated by 22° around the direction normal to the
substrate surface (changing the ¢ angle). The resulting scattering
pattern was identical to that shown in Figure la, suggesting
that the spot is coming from in-plane scattering (Bragg-like
diffraction). To test this interpretation, we measured the scat-
tering at various X-ray incident angles from 1° to 6° using 1D
WAXS and found that indeed the spot was the brightest when
the Bragg condition was met, i.e., when the incident and
scattering angles were equal (see Figure S1, Supporting
Information).

It is important to establish the relationship between the 2D
WAXS measurements reported here and the 1D WAXS
measurements on stable IMC glasses that were reported previ-
ously.? One of those 1D measurements is reproduced in Figure
1b; the same deposition conditions were used to produce the
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Figure 2. 1D powder patterns formed from the 2D WAXS measure-
ment shown in Figure 1a. Panel a shows the result of integration across
a small range of angles (10°) around the diffraction spot. Here two
peaks are seen, similar to the 1D measurements on stable IMC glasses
(Figure 1b). Panel b shows the result of integration over all the available
data. In this case, only a peak and shoulder are observed. Thus, the
peak at ¢ = 0.6 A! is indicative of in-plane, Bragg-like scattering.

samples in parts a and b of Figure 1. In qualitative agreement
with Figure la, two peaks appear in the 1D scattering, at ¢
values of 0.6 and 1.4 A", Furthermore, when the samples were
annealed above T, for several hours, the spot in Figure la
disappeared in a manner consistent with the disappearance of
the excess scattering at ¢ = 0.6 A" in the 1D WAXS
measurements.’

To further illustrate the connection between 1D and 2D
WAXS measurements, radial integrations of Figure la were
performed, and these results are shown in Figure 2. Figure 2a
roughly mimics the 1D WAXS experiments by integrating a
“pie slice” of width 10° around the maximum of the peak at
0.6 A"; in this integration, only data with the same absolute
value of ¢ are combined. For Figure 2b, all the data in the 2D
WAXS pattern are integrated. Figure 2a reveals a pattern with
two peaks that is very similar to what is observed for stable
IMC glass in 1D WAXS (Figure 1b). In Figure 2b, the excess
scattering at g = 0.6 A~ is almost negligible, indicating that
the anisotropic scattering is a small fraction of the total WAXS
intensity from these samples.

Influence of the Deposition Conditions on the Initial
Structure (1D WAXS). Figure 3 compares 1D WAXS mea-
surements from as-deposited IMC samples prepared on sub-
strates with different temperatures. All the samples were
prepared at a deposition rate of 0.2 nm/s. At the highest substrate
temperature, the entire scattering curve is similar to what has
been reported in the literature for the supercooled liquid and
ordinary glass of IMC.>* At high ¢ values, the different
substrate temperatures produce samples that are very similar in
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Figure 3. 1D WAXS measurements on IMC glasses deposited onto
substrates at various temperatures. The largest amount of anisotropic

scattering (peak at 0.6 A™!) is produced with Ty, near 0.847,. All
samples were prepared at a deposition rate of 0.2 nm/s.

appearance with a peak at 1.4 A~'. In contrast, the scattering at
low g depends strongly on the substrate temperature. As the
substrate temperature is lowered, the anisotropic peak is
observed to increase in intensity, reaching a maximum when
T = 0.84T,, below which the intensity of the anisotropic peak
decreases.

To investigate the important influence of deposition conditions
on the size of the anisotropic peak, nearly 30 samples were
prepared using various deposition rates and substrate temper-
atures. To compare these samples, we quantify the size of the
anisotropic peak by integrating the scattering intensity over wave
vectors near 0.6 A™!. This integration was carried out for each
as-deposited sample, each sample after it had been annealed to
the equilibrium supercooled liquid, and any annealing steps
before equilibrium was attained. Equation 1

0.92 0.92
Jos Mgydg — ) It=c0i) dg

0.92
o5 1==1q) dg

Al(t;g=0.6 A™") =
(D

defines AT as the excess scattering near 0.6 A~ relative to the
scattering observed after the equilibrium supercooled liquid state
has been reached. In eq 1, I(t;q) is the intensity at an arbitrary
annealing time ¢ and I(t=e;q) is the intensity after the sample
has been annealed to equilibrium.

Figure 4 shows the average magnitude of the anisotropic
scattering for IMC glass samples prepared at different deposition
rates and substrate temperatures. At temperatures close to 7,
(315 K) and at very low temperatures, little or no anisotropic
scattering is observed. At intermediate substrate temperatures,
the amount of anisotropic scattering depends upon the deposition
rate. The most intense anisotropic scattering is observed at the
lowest deposition rate with a substrate temperature of 0.847,.
These conditions also produce glasses with the highest density
and the highest mobility onset temperature ina DSC experiment.>7-°
These connections will be discussed below.

Transformation into the Supercooled Liquid (1D WAXS).
When as-deposited IMC glasses are heated above T, the peak
at 0.6 A™! disappears over time as illustrated in Figure 5. This
indicates a loss of anisotropy in the sample that we associate
with the sample transforming into the equilibrium supercooled
liquid. The three samples shown in Figure 5 were prepared with
a substrate temperature of 265 K but with different deposition
rates. They were annealed at 319 K in ambient relative humidity.
As expected from Figure 4, more anisotropic scattering is
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Figure 4. Magnitude of the anisotropic WAXS peak for IMC samples
deposited at various substrate temperatures, for three different deposition
rates. Al is defined in eq 1. For a deposition rate of 0.2 nm/s, a
maximum is observed in Al at 0.84T,. The data points in this figure
represent the average anisotropic magnitudes of all samples made at
the given deposition conditions.
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Figure 5. Time evolution of the anisotropic WAXS peak during
annealing at 319 K (7, + 4 K). These three samples were prepared at
Tap = 265 K at the deposition rates indicated and annealed under
ambient relative humidity. For lower deposition rates, a larger initial
anisotropic peak is observed and longer transformation times are
required to obtain the supercooled liquid.

initially observed from the sample with the lowest deposition
rate. As can be seen in Figure 5, the time required to transform
the samples into the supercooled liquid increases with decreasing
deposition rate. This is consistent with DSC measurements on
stable glasses where lower deposition rates lead to greater kinetic
stability.”** The decay curves in Figure 5 for the two lower
deposition rates have similar shapes; we discuss this point below
in relation to our proposed transformation mechanism. For
further analysis, we define the transformation time as the first
annealing point with a A/ value of less than 0.05.

The transformation times for WAXS samples annealed in
ambient relative humidity at 319 K are shown in Figure 6. The
transformation times follow the same trends as the amplitude
of the anisotropic scattering (Figure 4), except that the largest
anisotropy occurs at Ty, = 265 K while the longest transforma-
tion time occurs at Ty, = 255 K. Some WAXS samples were
omitted from Figure 6 because either the initial anisotropy in
the sample was too small to accurately determine the transfor-
mation time or the transformation was completed during the
first annealing step.

To complement the WAXS measurements, we measured the
reversible heat capacity, C,, of some stable glass samples during
isothermal annealing with qi-TMDSC.*® With time, C, increases
from the value of the as-deposited glass to that of the
supercooled liquid. Hence, the time required to transform the
stable glass into the supercooled liquid can be obtained. Figure


http://pubs.acs.org/action/showImage?doi=10.1021/jp1092916&iName=master.img-002.jpg&w=156&h=133
http://pubs.acs.org/action/showImage?doi=10.1021/jp1092916&iName=master.img-003.jpg&w=162&h=133
http://pubs.acs.org/action/showImage?doi=10.1021/jp1092916&iName=master.img-004.jpg&w=162&h=133

Vapor-Deposited Indomethacin Glasses

[
z ® ? g ;
o 10000k
g 2
1= [ i
(=] [
=3
9 @ WAXS0.2nmis
@ i & QITMDSC-0.2 nm/s
= [ A WAXS-0.8 nmis
O WAXS-7 nm/s
100 T ——T——— T
220 230 240 250 260 270 280 290 300
T, (K

Figure 6. Transformation times for samples of IMC prepared at various
substrate temperatures and deposition rates. All samples were annealed
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Figure 7. WAXS measurement for an IMC sample prepared at Ty,
=215 K and 0.2 nm/s, along with the measurement obtained after the
sample was annealed at 319 K for 600 s. The as-deposited sample shows
excess scattering near 1.4 A~" (not at 0.6 A~"). This type of excess
scattering is a general feature for IMC samples prepared at substrate
temperatures of less than 0.757,. The annealed sample attains the
supercooled liquid packing in <600 s, indicating that the as-deposited
glass is much less stable than samples prepared at 265 K.

6 shows the results of qi-TMDSC measurements performed on
samples deposited at 0.2 nm/s and substrate temperatures ranging
from 255 to 285 K.

Structure and Stability Resulting from Low-Temperature
Deposition (1D WAXS). At low deposition temperatures, no
anisotropic peak is seen in the WAXS at 0.6 A, but other
changes indicate a different packing in the as-deposited sample
as compared to the ordinary glass or equilibrium supercooled
liquid. Figure 7 shows the WAXS pattern for a sample prepared
at 0.2 nm/s and 215 K (0.68T,). This deposition temperature is
far below the substrate temperature that produces the maximum
anisotropic scattering (0.847,). For samples deposited at 215
K, there is no anisotropic scattering at 0.6 A~! (Al = 0) but the
peak at 1.4 A~" does change with annealing. During annealing,
this latter peak shifts to lower g by roughly 0.1 A~" and becomes
slightly broader. Unlike the peak at 0.6 A~!, which for some
samples can persist for over 20 000 s during annealing at 319
K, the sample prepared at 215 K annealed to equilibrium in
less than 600 s. 2D WAXS experiments were also performed
on a sample prepared at 215 K and 0.2 nm/s; the excess
scattering near 1.4 A~" in this sample appears to be isotropic
given our signal-to-noise ratio (data not shown). The low-
temperature packing shown in Figure 7 is observed for substrate
temperatures as high as 245 K but is not present at 255 K or
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Figure 8. Effect of the annealing conditions on the transformation
times for stable IMC glass. Data from both WAXS and qi-TMDSC
are shown. All samples were prepared at 0.847, and a deposition rate
of 0.2 nm/s. The solid line shows the o relaxation time of supercooled
IMC extrapolated below the conventional T, using the Vogel-Tam-
mann-Fulcher (VTF) fit from the supercooled liquid (from ref 27). The
dotted line shows the temperature dependence of the o relaxation time
(measured and extrapolated portions) raised to a power of 0.7. The
transformation times of the dry samples do not follow the temperature
dependence of 7,. Their weaker temperature dependence is consistent
with transformation via growth fronts.

above. The WAXS pattern for a sample deposited at 245 K is
presented in the Supporting Information (Figure S2).

Influence of the Annealing Conditions on the Transforma-
tion Kinetics. Figure 8 shows the time required to transform
stable IMC glasses into the supercooled liquid at different
annealing temperatures and relative humidities. As expected for
any activated process, the samples transform faster at higher
temperatures. For comparison, the structural relaxation time, 7,
of supercooled IMC (extrapolated from measurements of the
super-cooled liquid above 315 K by dielectric relaxation®’) is
plotted as a solid line. It is clear that the transformation times
substantially exceed 7, and have a weaker temperature
dependence.

The WAXS results in Figure 8 shows that stable IMC glasses
transform considerably more slowly in a dry environment than
at ambient relative humidity, particularly at lower annealing
temperatures. It is known that ordinary IMC glass absorbs water
and that this enhances molecular mobility.?® We have previously
shown that stable IMC glass absorbs about 5 times less water
than ordinary IMC glass.” Nevertheless, Figure 8 shows that
the limited water uptake of stable IMC glasses can decrease
the transformation time near 7, by about a factor of 10. The
merging of the data sets for dry and ambient relative humidity
conditions at high temperature suggests that water uptake is less
significant at higher temperature. For polymeric glasses it has
been shown that vapor uptake does in fact decrease as the
temperature increases.”** We find it surprising that such a small
amount of water uptake can change the mobility by the
magnitude shown in Figure 8 and do not currently have a
detailed explanation beyond the fact that water increases the
mobility of IMC. As shown by the dotted line, the temperature
dependence of the transformation time for dry stable glasses
roughly tracks 7,%7; the significance of this is discussed below.

Figure 8 also shows transformation times obtained for qi-
TMDSC experiments at four annealing temperatures. Since these
samples were annealed in sealed pans under a flow of nitrogen
gas, we had expected that their transformation times would
match those of the dry WAXS samples. The experiments at
319 K, however, indicate a better correspondence between the
qi-TMDSC sample and the ambient relative humidity WAXS
results. Even though the qi-TMDSC samples could absorb at
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most 0.1 wt % water prior to sealing, apparently this is enough
to significantly alter the transformation time.

Discussion

We have shown that vapor deposition can produce IMC
glasses with wide-angle X-ray scattering significantly different
from that of the ordinary glass or the equilibrium supercooled
liquid. At substrate temperatures above 225 K, a new peak is
observed at low ¢ that results from anisotropic packing. When
this peak is larger, the samples exhibit remarkable kinetic
stability, resisting structural change for thousands of 7, when
heated above the conventional 7,. In this section we discuss
the molecular origin of the anisotropic WAXS peak, the
dependence of the peak size on the deposition conditions, and
the kinetics of the transformation of bulk stable glasses.

Origin of the Anisotropic WAXS Peak at Low ¢. This work
shows that the low-q peak observed for some vapor-deposited
IMC glasses is caused by anisotropic packing. As illustrated in
Figures 1 and 2, the extra peak mainly comes from in-plane
scattering and appears only when we are close to the Bragg
condition. Since the diffraction spot does not move when the
sample is rotated, we conclude that the modulation of the
electron density responsible for the new feature occurs primarily
normal to the sample surface (z direction). The position of the
peak at 0.6 A~! indicates that the electron density has a real
space periodicity of roughly 1 nm. Since this is approximately
the center of mass spacing for IMC molecules, we conclude
that the electron density modulation is caused by increased
regularity of molecular packing along z. The observed scattering
is consistent with an amorphous material with slightly increased
long-range order and is possibly associated with some degree
of molecular layering. If the sample were polycrystalline or
crystalline, we would not expect to observe the broad amorphous
halo at ¢ = 1.4 A~'. The data are also inconsistent with a
physical mixture of amorphous and polycrystalline phases.

It has been previously reported that physical vapor deposition
can produce anisotropic amorphous materials. Reports of
optical,'*3'73 magnetic,>% and even structural®’~*! anisotropy
have been made over the past 20 years. Much of this work has
been done on Fe/Tb glasses that exhibit magnetic ani-
sotropy.3+33377404243 Deposition conditions can be found that
cause Fe—Fe and Tb—Tb contacts to occur preferentially in the
xy plane while Tb—Fe contacts occur predominantly in the z
direction.’”*? Hellman has explained much of the available data
with a model based on surface ordering. At high temperatures,
enough mobility exists at the deposition surface to allow adatom
clusters to align, minimizing the surface energy.

Optical anisotropy has recently been reported in vapor-
deposited organic systems containing a single component.
Yokoyama et al. reported that vapor deposition of rodlike or
planar molecules produced amorphous films with optical
birefringence.'#332 The difference in index of refraction values
(ny, — n;) ranged from 0.04 for the smaller molecules to 0.25
for larger molecules.’! They also reported a deposition temper-
ature dependence for the measured properties for 4,4’-bis[(N-
carbazole)styryl]biphenyl (BSB-Cz); depositions at 0.937,
produced more optically isotropic films than depositions at
0.77T,.'* This behavior may be related to the strong temperature
dependence of anisotropic packing in IMC films, as shown in
Figure 4.

X-ray scattering experiments were also carried out by
Yokoyama et al. on the BSB-Cz films deposited at different
substrate temperatures.14 In contrast to our results, Yokoyama
did not observe the emergence of an extra in-plane WAXS peak
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as the deposition temperature was lowered even though the
optical anisotropy increased significantly. On the basis of optical
absorption, Yokoyama concluded that the molecules in the film
were packing such that the transition dipole moments were
mostly parallel to the substrate surface.'**' Yokoyama hypoth-
esized that the rodlike nature of the larger molecules caused
them to flatten out onto the substrate during deposition, causing
the transition dipole moments to predominately lie in the xy
plane. To our knowledge, the work described here on IMC is
the first report of a single-component molecular glass former
with ordering in the z direction. Given that IMC is more nearly
spherical than the molecules studied by Yokoyama, it is
surprising that vapor deposition of IMC gives rise to an
anisotropic WAXS peak since this was not observed for the
systems studied by Yokoyama. The polar and hydrogen-bond-
forming structure of the IMC molecule might be preferentially
aligned in the polar environment of the surface during deposition.

Singh and de Pablo recently reported that stable glasses of
trehalose could be prepared in a molecular dynamics simula-
tion.* Interestingly, these simulated materials exhibit significant
packing anisotropy and evidence of a layered structure that is
qualitatively consistent with the WAXS data presented here.
Simulations on systems for which WAXS and birefringence data
exist may provide the best method for understanding the packing
of stable glasses on a molecular level.

It might be thought that stable glasses are actually nanoc-
rystalline and that the extra WAXS peak might somehow give
evidence of this. As we have discussed previously,” we find
this unlikely. Figure 8 shows that the anisotropic WAXS peak
can be annealed away at temperatures as low as 306 K. If this
is interpreted as the melting of nanocrystals, the Gibbs—Thomson
equation can account for this melting point decrease (more than
100 K) only if the nanocrystals are 1—2 nm in size;? this would
correspond to only 1 or 2 molecular diameters per crystal. To
our knowledge, the nanocrystal hypothesis cannot account for
the growth fronts observed in submicrometer films,'® while in
retrospect growth fronts can be rationalized for highly stable
glasses.""®!2% Furthermore, while nucleation rates vary tremen-
dously among organic liquids and glasses, the phenomenology
of stable glass formation seems rather consistent for the roughly
10 systems studied thus far,* arguing that “stable glass” is a
more accurate description of these results than “nanocrystalline”.
Thus, we interpret the WAXS measurements in Figure 1 as
indicating amorphous packing that is mildly perturbed from the
isotropic packing expected for supercooled liquids and ordinary
glasses.

In a previous paper, we argued that the simplest explanation
for the sudden appearance of the excess scattering as the
deposition temperature is decreased is that IMC undergoes a
polyamorphic transition below the conventional T,.> In light of
the 2D WAXS experiments reported here, our view has changed.
At present, the simplest explanation for the excess scattering is
that vapor deposition creates a glass that is mildly anisotropic
but otherwise has local packing very similar to that of the
ordinary supercooled liquid or glass. However, it is possible
that stable IMC glasses are associated with a second local
packing arrangement?® and that more sophisticated structural
measurements would indicate this.

Magnitude of the Anisotropic Packing Peak. Figure 4
shows that substrate temperatures near 0.847, produce vapor-
deposited IMC glasses in which the anisotropic packing
measured by WAXS is maximized. Lower deposition rates
maximize the anisotropy, and this apparently contradicts the
simplest explanation of stable glass formation. We have
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previously explained the formation of stable glasses as a surface
equilibration process.! If the surface of the glass has enhanced
mobility, molecules arriving from the vapor phase can make
use of this mobility to partially equilibrate at the substrate
temperature. A recent simulation by Léonard and Harrowell
illustrates that enhanced surface mobility can account for many
of the features of stable glasses.*® Up to the present, we have
assumed that the most favorable local packing near the surface
closely resembles packing in the bulk equilibrium supercooled
liquid at the substrate temperature. This view successfully
explains the higher density and lower enthalpy of glasses vapor-
deposited at 0.847,.”? However, as the equilibrium supercooled
liquid at 0.84T is assumed to be isotropic, it is challenging to
explain how lower deposition rates (and the corresponding
longer equilibration times) can lead to more anisotropic packing.

We tentatively explain the behavior shown in Figure 4 by
proposing a mechanism that includes some molecular ordering
at the glass/vapor interface. When the substrate temperature is
0.84T,, the layer of enhanced mobility is quite thin. Neutron
reflectivity experiments on trinaphthylbenzene indicate a mobile
layer of about one monolayer at this temperature.' Under these
conditions, configurational sampling at the surface may lead to
formation of anisotropic structures. This might happen because
equilibration (at least on the time scale relevant to the experi-
ment) is occurring in an almost 2D liquid. Under these
circumstances, the packing between pairs of molecules might
be similar to packing in the equilibrium supercooled liquid at
0.84T,, but the orientation of pairs of molecules (relative to the
surface) might be systematically perturbed. Alternately, mol-
ecules directly at the surface might have a preferred orientation
relative to the surface. It has been shown that molecules can
align at a liquid surface even at temperatures above the bulk
melting point, leading to the phenomenon of surface freezing.*’43

No matter what source might give rise to some preferred
orientation in the very top layer during vapor deposition, once
these molecules are buried by additional molecules arriving from
the vapor phase, there may not be sufficient mobility to rearrange
into the isotropic packing that is presumably favored by
thermodynamics at the substrate temperature. It is perfectly
reasonable that the hypothesized surface orientation would take
some time to develop, and this would account for the observation
in Figure 4 that slower deposition at 0.847, gives rise to more
anisotropic packing. As discussed above, surface-induced ani-
sotropy has previously been used by Hellman to explain the
anisotropy observed in vapor-deposited Tb/Fe films.*

The mechanism described above can also account for the
features of Figure 4 at higher substrate temperatures. At
temperatures near Ty, the thickness of the mobile surface layer
has been estimated to be about five monolayers.?® Even if the
top monolayer has some preferred orientation, enough mobility
persists in the immediately adjacent layers to equilibrate to an
isotropic liquid before further deposition kinetically locks the
configuration. In this explanation, the crossover in the effect of
the deposition rate that occurs near 292 K (Figure 4) indicates
the temperature where the thickness of the mobile surface layer
approaches one monolayer.

At very low substrate temperatures, Figure 4 shows that
vapor-deposited samples do not show any evidence of molecular
layering. At such low temperatures, surface mobility is presum-
ably so small that there is no opportunity to organize into
molecular layers at any accessible deposition rate. Under these
conditions, the sample packing will be far from equilibrium (and
may be anisotropic in other respects). The literature supports
this idea with examples of vapor-deposited films produced below
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0.75T, that have higher enthalpy, lower density, or different
packing compared with glasses produced by cooling from the
supercooled liquid.'!>0~52

Previous WAXS experiments by Ishii provide insight into
the molecular packing that results from low-temperature
depositions.>*>* For vapor-deposited chlorobenzene and benzene,
they report a broad amorphous peak at g ~ 1.4 A~'. This peak
shifted slightly to higher ¢ as the deposition temperature was
lowered. They explained this change as a shift toward more
random (less optimized) packing at lower temperatures. Ishii’s
results and explanation seem broadly consistent with the data
in Figure 7. For IMC, the shift in peak position is accompanied
by a dramatic loss of kinetic stability, as evidenced by the short
time required to attain equilibrium packing during annealing.

Kinetics of Transformation into the Supercooled Liquid.
In this section, we shift our perspective regarding the anisotropic
WAXS peak found in some vapor-deposited IMC glasses.
Rather than focus on its origin, we use its disappearance during
annealing to assess kinetic stability. We associate the time
required for the anisotropic peak to disappear with the trans-
formation to the supercooled liquid. Substantial molecular
motion is required to eliminate an electronic density modulation
on the 1 nm length scale, and since this mobility is absent in
the glass, it is reasonable to associate this motion with the
appearance of the supercooled liquid. As shown in Figure 8,
the time required for the anisotropic peak to disappear correlates
well with the transformation into the supercooled liquid as
determined from the heat capacity (qi-TMDSC).

One of the most striking features of Figure 8 is that the
transformation time for a stable IMC glass can be much longer
than the structural relaxation time, 7, of the supercooled liquid.
At 312 K, transformation requires 1037, while 10*z, is required
at 330 K. For comparison, when an ordinary IMC glass is aged
for more than a month at 7, — 20 K, transformation into the
supercooled liquid requires less than 507,.2* The high kinetic
stability of these vapor-deposited glasses is in agreement with
the view that stable glasses behave like highly aged ordinary
glasses.!

An unusual feature of Figure 8 is the weak temperature
dependence of the transformation times in comparison with 7.
The experiments of Kovacs and Ferry are relevant here as a
comparison.?!?> They prepared a polymer glass and then
measured volume relaxation during annealing at a series of
temperatures near 7,. The equilibration time in these experiments
matched the temperature dependence of 7, as obtained from
dielectric and mechanical experiments. In this respect, stable
IMC glasses have a behavior different from what would be
expected for a highly aged glass; i.e., the transformation time
scales as 7,07 rather than as 7.

The relatively weak temperature dependence of the transfor-
mation times in Figure 8 raises the possibility of a distinct
transformation mechanism for stable glasses as compared to
ordinary glasses. It has already been reported that submicrometer
films of stable IMC glass do not transform into the supercooled
liquid homogeneously when heated. Instead, the liquid is
observed to grow from the free surface of the material and
propagate through the glass with a constant velocity.'® The
material before the front remains in an immobile glassy state,
while the material behind the front is allowed to mix and diffuse
like a supercooled liquid. These features of thin stable glasses
have also been observed in a simulation of the deposition process
that utilizes a kinetic Ising model.*® It has also been reported
that the transformation time for stable IMC glasses becomes
independent of the film thickness above 1 um.®'° Since the films
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used for the WAXS and qi-TMDSC experiments are at least
20 um thick, the transformation mechanism for thick films
cannot be surface-initiated.

It was previously proposed that thick stable glass films might
transform into the supercooled liquid via the nucleation and
growth of supercooled liquid “bubbles” inside the stable glass.®?
In this scenario, nucleation sites would be separated by about 1
um and the growth would occur at the same velocity as observed
near the free surface.® We can test this view by comparing the
temperature dependence shown in Figure 8 (for the dry samples)
with that observed for growth fronts in thin films of IMC stable
glasses. From nanocalorimetry the growth front velocity for IMC
was found to change from 0.01 to 0.04 nm/s as the temperature
was raised from 316 to 320 K.® This is consistent with a
temperature dependence of 7", in reasonably good agreement
with the dotted line in Figure 8.

The proposal that bulk stable glasses transform via multiple
initiation sites coupled with constant velocity growth can be
tested by fitting our WAXS data to an Avrami function. The
Avrami function is commonly used in crystallization studies to
deduce nucleation and growth parameters from measurements
of the total crystallization as a function of time.>>36 When fit to
our data, the Avrami exponent is near 4; this is consistent with
the idea of random nucleation of the supercooled liquid coupled
with constant-velocity growth into the stable glass.’” A table of
fit parameters can be found in the Supporting Information.

There is theoretical work to support our hypothesis that thick
stable glasses transform via the growth of liquid bubbles.
Wolynes has proposed that aged glasses transform into the
supercooled liquid beginning at “rejuvenation” centers in the
glass.® The rest of the glass then transforms by fronts that
spherically propagate from these nucleation points at a velocity
related to the liquid mobility behind the front. If we accept that
stable glasses behave like highly aged glasses, the Wolynes work
can be directly applied to our experiments to explain why the
transformation time is found to scale approximately as 7,*7° in
Figure 8. Near T, self-diffusion in supercooled liquids has a
weaker temperature dependence than 7.2 For IMC, Swallen
et al.” report that self-diffusion in the supercooled liquid scales
as T, %77 in the temperature range of Figure 8.

Finally, we wish to consider the correlation between the
magnitude of the anisotropic WAXS peak and the kinetic
stability of stable glasses of IMC. Figure 6 shows that the time
required to transform the samples from the as-deposited state
into the supercooled liquid depends upon both the deposition
temperature and the deposition rate. Similar dependences are
observed for the magnitude of the anisotropic peak. In Figure
9 the unaveraged data points from Figures 4 and 6 are graphed
against each other. A reasonably strong correlation is seen
between A and the time required to transform the sample at
319 K in ambient relative humidity.

The correlation shown in Figure 9 is reasonable given the
mechanism discussed above, in that the conditions that produce
the largest anisotropy peaks also produce glasses with the highest
kinetic stability. At higher substrate temperatures, the deposited
molecules cannot explore configurations that are drastically
lower in energy than the ordinary glass, resulting in samples
that have mild kinetic stability. At substrate temperatures far
below 0.847T,, the molecules do not have the mobility to explore
configurations that lead to kinetic stability. Between these two
temperature regimes, the molecules have enough mobility to
explore low-energy configurations and are thus kinetically stable.
At these intermediate temperatures, the mobile layer is suf-
ficiently thin that surface orientation effects cannot be relaxed
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Figure 9. Correlation between the size of the anisotropic peak (Al)
and the transformation time. While a correlation between the two
properties is observed, the samples with the most anisotropic scattering
do not have the longest transformation time. The data points shown
here correspond to samples annealed under ambient relative humidity.

before configurations are trapped, and thus, an anisotropic
material results. We speculate that if we were able to utilize
much lower deposition rates, the correlation seen in Figure 9
would not hold. In this scenario, we imagine that deposition at
0.84T, would produce samples with even more kinetic stability
but with less anisotropy, because sufficient time would be
provided for some equilibration of molecules not directly at the
surface. There is some indication in Figure 9 that the most stable
samples are not the most anisotropic. Perhaps this feature is
related to our speculative comments above.

Concluding Remarks

Physical vapor deposition has been used to prepare glassy
films of indomethacin using a variety of substrate temperatures
and deposition rates. The films were analyzed by both 1D and
2D wide-angle X-ray scattering. We found that the extra WAXS
peak found at low ¢ in stable IMC glasses is a result of
anisotropic packing in the film. The electron density is
modulated in the direction normal to the film surface. At
deposition temperatures lower than 0.847, the anisotropic peak
is less prominent; in this regime, the WAXS measurements
provide evidence of a different type of nonequilibrium packing.

The time required to anneal away the anisotropic peak can
be much longer than the structural relaxation time, 7, of the
supercooled liquid. For the most stable glasses, this transforma-
tion time has a weaker temperature dependence than does 7.
This result is consistent with the proposal that bulk samples of
stable glass transform into the supercooled liquid via growth
fronts that initiate inside the film and then expand.

In this paper we do not directly address the question of how
much anisotropic order is present at a molecular level in stable
IMC glasses. We do not know, for example, whether one
particular molecular axis is more likely to be found in the xy
plane than in the z direction. We also do not know to what
extent an isotropic packing arrangement needs to be perturbed
to produce a low-¢q peak with the magnitude of those observed
here. Such molecular information about stable glass packing is
relevant for understanding to what extent the stable glasses
investigated here can be regarded as models for the equilibrium
supercooled liquid far below the conventional T,. We are
optimistic that these WAXS measurements, in combination with
molecular simulations* and other techniques such as ellipsom-
etry, can provide a more molecular view of the packing in stable
glasses.

Anisotropic packing in organic materials may be technologi-
cally relevant. Yokoyama et al. have compared charge mobility
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in organic glasses with different packing arrangements.'* They
reported that anisotropic packing can improve charge mobility
by roughly an order of magnitude, presumably by optimizing
the overlap between the 7t orbital systems of adjacent molecules.
It is likely that a thorough understanding of physical vapor
deposition will lead to the ability to produce multiple types of
anisotropic packing arrangements and hence the ability to
optimize packing for particular applications.
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