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CONSPECTUS: The term “organic solids” encompasses both
crystals and glasses. Organic crystals are commonly grown for
purification and structure determination and are being
extensively explored for applications in organic electronics
including field effect transistors. The ability to control the
packing of one molecule relative to its neighbors is of critical
importance for most uses of organic crystals. Often, anisotropic
packing is also highly desirable as it enhances charge transport
and optimizes light absorption/emission. When compared to crystals, the local packing in organic glasses is highly disordered
and often isotropic. Glasses, however, offer two key advantages with respect to crystals. First, glasses typically lack grain
boundaries and thus exhibit better macroscopic homogeneity. Second, glass composition can often be varied over a wide range
while maintaining homogeneity. Besides electronic materials, many modern plastics used in a wide range of technologies are
organic glasses, and the glassy state is being increasingly utilized to deliver pharmaceuticals because of higher bioavailability.
In this article, we introduce vapor-deposited organic glasses as hybrid materials that combine some of the useful features of
crystals and traditional liquid-cooled glasses. Physical vapor deposition produces glasses by directly condensing molecules from
the gas phase onto a temperature-controlled substrate and allows film thickness to be controlled with nanometer precision. Just
as liquid-cooled glasses, vapor-deposited glasses have smooth surfaces and lack grain boundaries. These attributes are critical for
applications such as organic light emitting diodes (OLEDs), in which vapor-deposited glasses of organic semiconductors form
the active layers. In common with crystals, vapor-deposited glasses can exhibit anisotropic packing, and the extent of anisotropy
can be comparable to that of the typical organic crystal. For vapor-deposited glasses, in contrast to crystals, anisotropic packing
can generally be controlled as a continuous variable. Deposition conditions can be chosen to produce glasses with significant
molecular orientation (molecules “standing up” or “lying down” relative to the substrate), and z-stacking can be directed along
different directions relative to the substrate.

Over the last five years, we have gained a fundamental understanding of the mechanism that controls the anisotropy of vapor-
deposited glasses and learned how to control many aspects of anisotropic packing. Two key elements that enable such control
are the high mobility present at the surface of an organic glass and the tendency of the surface to promote anisotropic packing of
molecules. In contrast to traditional epitaxial growth, for vapor-deposited glasses, the free surface (not the substrate) acts as a
template that controls the structure of a growing film. The structure of any given layer is decoupled from those beneath it,
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thereby providing considerable freedom in producing layered glassy structures.

B INTRODUCTION

Glasses have often been regarded as inferior to crystals.
Crystals provide stability and are almost always the solid state
of lowest free energy. Their long-range order makes crystals
extremely useful for molecular characterization via X-ray
diffraction. Crystals also provide anisotropic control over
molecular interactions. In organic electronics, current research
emphasizes the importance of polymorph selection and crystal
orientation." Often the goal is to make charge transport as
efficient as possible in the direction that is important for a
particular device.

At first glance, glasses seem deficient in every way with
respect to crystals. Glasses are usually made by cooling a liquid.
If crystallization does not occur, a glass forms when molecular
motions slow to the point that the liquid cannot remain in
equilibrium.”® Such a glass inherits the disordered and
isotropic structure of the liquid. The structure of a glass is
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hard to characterize with X-ray scattering, revealing only very
broad peaks instead of the thousands of sharp reflections
obtained from a high quality single crystal. Because they are
out-of-equilibrium, glasses inconveniently evolve in time, either
into a more stable glass (physical aging) or into a crystalline
state.

However, glasses have advantages that make them the
material of choice for certain applications. Unlike polycrystal-
line materials, glasses do not have grain boundaries, and thus, it
is much easier to prepare glasses that are macroscopically
homogeneous. Modern communication depends upon optical
fibers that can transmit laser pulses over distances of 100 km
without excessive attenuation; it is no surprise that these fibers
are made of a glass (silicate) and not a crystal. A second
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advantage of glasses is the ease with which they form single-
phase mixtures.* While cocrystals require molecules that pack
well together into a crystal lattice, glassy mixtures have much
more relaxed requirements, similar to liquid mixtures.

Homogeneity and compositional flexibility are critical for
some applications of glasses such as organic light emitting
diode (OLED) displays. The active layers in OLEDs are vapor-
deposited glasses of organic semiconductors.” Homogeneity
ensures that all pixels have the same performance. The emitter
layer in an OLED has multiple components, and good
performance requires that these components be well-mixed.
More than 300 million cell phone displays each year are made
by this technology.

In this Account, we explain why organic glasses prepared by
physical vapor deposition (PVD) can be viewed as hybrid
organic solids that combine some of the best features of
crystals and glasses. Figure 1 schematically introduces the PVD

Figure 1. Schematic illustration of physical vapor deposition (PVD).
A glass is prepared by condensation of a vapor onto a temperature-
controlled substrate. Mobility at the glass surface has a strong
influence on the glass properties. Adapted with permission from ref 6.
Copyright 2016, AIP Publishing.

process. Typically a source material is heated in a vacuum
chamber to provide the vapor. Multiple sources can be used to
deposit layered glasses or to co-deposit mixed glasses. The
thickness of the deposited layers can be controlled with
nanometer precision; this is important in OLEDs, where an
improper layer thickness diminishes light output as a result of
interference effects.

We focus here on the ability of PVD to produce anisotropic
glasses. In this respect, PVD glasses combine the glass-like
property of macroscopic homogeneity with the crystal-like
property of anisotropic packing. The anisotropy of PVD glasses
can be substantial and similar to that in a typical organic
crystal. The second key attribute of glasses, compositional
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flexibility, is maintained in anisotropic PVD glasses. In
addition, PVD glasses can be much more stable than liquid-
cooled glasses’~” and thus are a hybrid material in this respect
as well.

In this Account, we first discuss the characterization of
anisotropy in solids and demonstrate how anisotropy in PVD
glasses can be controlled by deposition conditions. The
substrate temperature is a key variable for this purpose. We
next explain how the structure of PVD glasses is controlled by
mobility at the surface of the growing glass and by the
anisotropic structures preferred by molecules at a free surface.
This mechanism is the opposite of traditional crystal epitaxy
where the substrate controls the structure of a growing film.
Finally, we discuss strategies for maximizing anisotropy in PVD
glasses. Throughout this article, we describe potential
applications for these materials in the field of organic
electronics.

Bl ANISOTROPIC MOLECULAR ORIENTATION IN
CRYSTALS

In this section, we take a broad look at molecular orientation in
single crystals of organic molecules to enable a comparison
with PVD glasses. We use the birefringence as a measure of
anisotropy that can be conveniently obtained for both crystals
and glasses. It is determined by the extent to which the index
of refraction of a solid depends upon the polarization direction
of light. The birefringence is closely related to molecular
orientation. For a given molecule, the solid with the most
anisotropic molecular orientation will almost always have the
strongest birefringence. At the opposite extreme, for an
isotropic sample such as a liquid-cooled glass, all molecular
orientations are equally likely and the birefringence is
negligible.

Winchell'” compiled birefringence values (An) for more
than 1600 organic crystals, and these are plotted in Figure 2.
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Figure 2. Number of organic crystals plotted against birefringence for
1675 structures compiled by Winchell.'® Of these crystals, 57% have
An in the range from —0.125 to +0.125.

These data indicate that the absolute value of An for a typical
organic crystal is below 0.125. As a point of reference, An =
0.11 for the inorganic crystal calcite, the textbook example to
illustrate birefringence. The crystal structure determines the
principal directions for the polarization of light, and, for many
crystals, there are three independent indices of refraction. In
constructing Figure 2, we use the largest and smallest indices of

refraction to calculate An.

DOI: 10.1021/acs.accounts.8b00513
Acc. Chem. Res. 2019, 52, 407—-414


http://dx.doi.org/10.1021/acs.accounts.8b00513
http://pubs.acs.org/action/showImage?doi=10.1021/acs.accounts.8b00513&iName=master.img-000.jpg&w=227&h=279
http://pubs.acs.org/action/showImage?doi=10.1021/acs.accounts.8b00513&iName=master.img-001.jpg&w=143&h=108

Accounts of Chemical Research

Bl ANISOTROPIC MOLECULAR ORIENTATION IN PVD
GLASSES

In this section, we show that PVD glasses of organic molecules
can be as anisotropic as the typical organic crystal and that the
anisotropy of PVD glasses can be continuously controlled over
a wide range by choice of deposition conditions. As PVD
glasses are typically thin films (10—1000 nm), two measures of
molecular orientation can often be conveniently obtained from
spectroscopic ellipsometry: the orientation order parameter S,
and the birefringence An. Both parameters are obtained by
fitting elhpsometry data acquired over a wide wavelength range
to optical models."" As an example, Figure 3 shows S, and An
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Figure 3. Orientation order parameter S, and birefringence An for
PVD glasses of three molecules used in OLEDs, as a function of the
substrate temperature during deposition. Molecular structures and
schematic representations of the anisotropic glasses are also
presented. Adapted from ref 11.

for three molecules used in OLEDs; TPD and NPB are hole
transport materials, while DSA-Ph is used as an emitter."" For
these molecules, S, is directly related to the average orientation
of the molecular long axis with respect to the substrate normal.
An S, value of 1 would mean that all the molecules are
perfectly standing up relative to the substrate, while an S, value
of —0.5 means that all the long axes lie in the plane of the
substrate.

For each of the three molecules shown in Figure 3, hundreds
of glasses were prepared using the temperature of the substrate
(Tubstrate) during deposition as the control variable. For DSA-
Ph, S, depends strongly on Ty and varies over a
substantial range, between —0.4 and +0.2. At low values of
Toupstrater a1l three molecules show a pronounced tendency for
their long axes to lie in the plane of the substrate (since S,
approaches the limiting value of —0.5). To a first
approximation, birefringence values shown in Figure 3b tell
the same story as the S, parameter since the polarizability for
these molecules is largest along the long axis. For vapor-
deposited glasses, we define the birefringence relative to the
substrate; here, An = n, — n,, using the coordinate system
defined in the inset to Figure 3a.

Figure 3 shows that a remarkable level of control over
molecular orientation in PVD glasses can be obtained by
controlling the temperature of the substrate during deposition.
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For each of these three molecules, one can choose between a
tendency for horizontal or vertical orientation. We emphasize
that all the materials shown in Figure 3 are solids; once
prepared, they can be used across a wide temperature range
with no change in their anisotropic packing.'' Furthermore, all
these materials are glasses as they have broad X-ray diffraction
patterns and transform into supercooled liquids at temper-
atures slightly above the glass transition temperature Tg.12

The observation that three rod-shaped molecules show a
similar pattern of orientation versus Ty Suggests that the
observed behavior is connected with molecular shape. The
observation that normalizing the T e by T, produces the
same orientation trends suggests that some sort of molecular
mobility is key because T, is determined by molecular
mobility. Independent experiments show that the observed
molecular orientation is not influenced by the substrate
material, at least for reasonably flat substrates, or by the
thickness of the deposited film.'""> These observations are
important for determining the mechanism by which molecular
orientation is controlled in PVD glasses and will be discussed
in the following section.

As a first comparison between anisotropy in crystals and
PVD glasses, we compare the data in Figures 2 and 3. In Figure
3B, An for each molecule can be selected from a range of at
least 0.08, with DSA-Ph showing the largest range (0.3). Thus,
PVD glasses of organic molecules can be as anisotropic as the
typical organic crystal shown in Figure 2.

For any given molecule, a more detailed comparison
between anisotropy in PVD glasses and in a single crystal
can be made through S.. On the basis of the known crystal
structure for TPD, in principle, one could produce S, values
between —0.5 and +0.85 if one could grow single crystals on a
substrate with perfect control over crystal orientation. While
this is a considerably larger range of molecular orientations
than available from PVD glasses of TPD (Figure 3A), this level
of control over crystal growth for organic molecules is
extremely rare. For polycrystalline samples, the average S,
could be much smaller than the values calculated for a single
crystal.

Observations of anisotropic glasses predate the work
discussed above. Hellman showed that vapor-deposited
inorganic glasses could be anisotropic,' whlle Lin was the
first to show this for organic molecules,”” and Yokoyama
extended this to many molecules used in OLEDs.'® More
generally, it has long been understood that liquid-cooled
glasses (such as Plexiglas) become anisotropic under stress.
Anisotropic glasses can be formed by cooling an aligned liquid
crystalline phase'” or by cooling a liquid of polar glassformers
in an electric field.'"® Thin films of some polymeric semi-
conductors can be viewed as anisotropic glasses.'”

B ROLE OF SURFACE MOBILITY FOR PVD GLASSES

In the next two sections, we describe the surface equilibration
mechanism that controls the properties of PVD glasses. Key to
this mechanism is the observation that the surfaces of organic
glasses can be highly mobile. Figure 4 illustrates the surface
and bulk diffusion coeflicients for some representative organic
glasses.”” For o-terphenyl, for example, surface diffusion is
10° times faster than bulk diffusion at Ty, and very high surface
mobility continues down to the temperatures below T, where
PVD glasses are prepared.

During deposition at typical rates, molecules condensing on
the surface have roughly 10 s to experience high surface
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Figure 4. Surface and bulk diffusion coeflicients for three organic
glassformers.”' Surface mobility can be very high even below T,

mobility before they are buried by more molecules. For
substrate temperatures below T, this mobility results in
equilibration toward the supercooled liquid (the amorphous

state with the lowest free energy). Figure S shows the

1.4 o .A%?
1.2 pa’hﬂsggﬂaoogo‘o“\
104§ ;é 1

—_ = olge

33 0.8 supercooled !iquy“

0.6 (extrapolation)

< T
0.4 Tl
0.2 liquid-cooled glass ~ % c
0 — AUE

200 220 240 260 280 300 320
Substrate Temperature (K)

Figure S. Densities of vapor-deposited glasses of indomethacin as a
function of the substrate temperature during deposition, relative to a
glass prepared by cooling the liquid at 1 K/min. Reproduced with
permission from ref 23. Copyright 2017, AIP Publishing.

effectiveness of this equilibration.””** Vapor-deposited glasses
of indomethacin are denser than the liquid-cooled glass, as
indicated by the y-axis. For a 30 K range below T, the
measured density matches that expected for the supercooled
liquid (but unattainable by a liquid-cooled glass); the
molecules in these films have used surface mobility to
equilibrate to the equilibrium density. At lower temperatures,
surface mobility is not adequate for equilibration (for the given
deposition rate). The high density of PVD glasses is associated
with high thermal stability” and resistance to photochemical
processes.”* Similar to anisotropy, these properties are also
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hybrid with respect to liquid-cooled glasses and crystals and are
useful for OLEDs.

B ORIGIN OF ANISOTROPY IN PVD GLASSES

Besides surface mobility, there is one additional feature of
liquid surfaces that is essential to produce anisotropy in PVD
glasses. While molecules in the bulk of a liquid adopt all
orientations with equal probability, molecules at the free
surface can be anisotropic. This result has been well-
documented for water and alcohols and also applies to the
organic semiconductors in Figure 3. During deposition, as
molecules near the surface explore different packing arrange-
ments, they equilibrate not only toward higher density packing
(Figure S), but also toward the anisotropic packing preferred
near the surface. Further deposition traps these molecules in
high density, anisotropic packing arrangements.

The connection between anisotropic surface structure and

anisotropic glass structure was discovered by computer
simulations.'”** Figure 6 shows results from computer
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Figure 6. Orientation order parameter S, for glasses of coarse-grained
TPD from molecular simulations, as a function of substrate
temperature (T,,,) during deposition, for three deposition rates.
The inset shows experimental results for PVD glasses of TPD.
Reproduced with permission from ref 25. Copyright 2015, AIP
Publishing.

simulations that qualitatively reproduce the key features of
Figure 3. In the simulations, a coarse-grained version of the
TPD molecule was vapor-deposited onto a substrate held at a
fixed temperature. The molecular orientation as a function of
Tgupstrate found in the simulations reproduces the trend seen in
experiments.

Given the similarity between experiment and simulation in
Figure 6, we used the simulations to understand the
mechanism that controls anisotropy in PVD glasses.”> While
many quantitative details from the simulations support the
mechanism below, here we present only a qualitative view of
the deposition process (Figure 7). The equilibrium surface
structure of the TPD liquid is shown on the left side, with each
molecule represented as a short rod. The simulations show that
while the bulk TPD liquid is isotropic, molecules right at the
surface tend to lie flat and the molecules just below tend to
orient vertically. At low substrate temperatures, only the top
layer is able to equilibrate during deposition; as further
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Figure 7. Illustration of how anisotropic structure present at the
surface of an equilibrium liquid is trapped during deposition to
produce anisotropy in the PVD glasses. Note that anisotropy extends
throughout the glassy film. Reproduced with permission from ref 23.
Copyright 2017, AIP Publishing.

deposition continues, these horizontal molecules would like to
reorient toward the equilibrium surface structure but lack the
mobility to do so. Thus, a glass results in which all molecules
are trapped lying in the plane of the substrate. At moderate
Tobstrater the top two layers are able to equilibrate during
deposition. Molecules just below the surface thus evolve
toward vertical orientation and are trapped into this
orientation by further deposition. Simulations in which the
deposition rate was varied support this mechanism, as shown
in Figure 6. Slower deposition allows equilibration of the
second layer down to lower temperature, and thus, the peak
vertical orientation occurs at lower Ty grater

The surface equilibration mechanism described above is
quite different from the epitaxial growth process often used to
control anisotropy in thin films of crystalline materials. While
epitaxial growth is templated by the underlying substrate, the
structure of PVD glasses thicker than a few monolayers is
templated from the free surface. This provides a practical
advantage since a desired glass structure need not constrain the
choice of underlying substrates. As an illustration, we note that
a single component glass can be produced in alternating stacks
of vertical and horizontal orientation by cycling Ty pqare during
deposition.”®

If the molecule being deposited has a dipole moment, it is
possible to produce a glass with macroscopic dipole
orientation. Such a glass has a surface potential that grows
linearly with film thickness, as each layer of molecules adds a
small net dipole to the solid. Surface potentials as large as +5V
for 100 nm films have been reported,”” and these potentials
influence charge injection in organic electronic devices.”® The
surface equilibration mechanism allows a prediction of the sign
of the surface potential and predicts how Ty e Will modulate
its magnitude.”

B COMPOSITIONAL FLEXIBILITY IN ANISOTROPIC
PVD GLASSES

Figures 3 and 6 show that the PVD process provides
considerable control over anisotropic packing for glasses with
one component. Given that a key technological advantage of
glasses is their compositional flexibility, we and others®® have
investigated whether highly anisotropic glasses can be prepared
to contain multiple components without phase separation. In
Figure 8, we show the results of experiments in which DSA-Ph
was codeposited with Alq3 (tris(8-hydroxyquinoline)-
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Figure 8. Orientation order parameter S, for DSA-Ph in mixed PVD
glasses with Alq3. DSA-Ph orientation is nearly independent of
composition when the substrate temperature is scaled to the mixture
T,. Reproduced with permission from ref 31. Copyright 2016, Royal
Society of Chemistry (Great Britian); permission conveyed through
Copyright Clearance Center, Inc.

aluminum);”" Alq3 has been used as an electron transport
material and emitter layer in OLEDS. Remarkably, the same
pattern of molecular orientation for DSA-Ph is found in all the
glasses, nearly independent of composition. For this system,
the two components are well mixed in the glass, as indicated by
a single T, that shifts smoothly between the values for the two
pure components. This example clearly establishes that highly
anisotropic PVD glasses can be prepared without sacrificing
compositional flexibility; this wide range of miscibility would
be difficult to achieve for a crystalline material.

Control over molecular orientation allows the absorption
and emission of light from thin films to be modulated. For
example, the emitter layer in OLEDs requires well-mixed
components and control over anisotropic packing. As a result
of device geometry, an OLED with the transition dipoles of all
emitter molecules lying in the substrate plane will emit 50%
more light than the same device with randomly oriented
emitters. Very recent work on emitter orientation in two-
component szrstems is consistent with the surface equilibration
mechanism.”” Another recent study established that deposition
of the densest glass (as illustrated in Figure S) increased the
efficiency of an OLED as a result of increased emitter quantum
yield.”® Presumably, the densest glass packing inhibits
nonradiative relaxation processes.

B MOLECULAR PACKING IN ANISOTROPIC PVD
GLASSES

Molecular orientation is just one aspect of the structure of a
solid, and a more comprehensive view of molecular packing
can be obtained through X-ray scattering.’* For anisotropic
glasses, two-dimensional scattering patterns, such as the ones
shown in Figure 9, can be particularly useful.'” Here we show
grazing-incidence wide-angle X-ray scattering (GIWAXS)
patterns obtained for vapor-deposited glasses of TPD. For
these synchrotron experiments, the incident X-ray beam enters
a thin film from one side, at roughly 0.2° relative to the
substrate plane, with the detector placed on the opposite side
of the film. Scattering from structure along the surface normal
(g.) is shown in the vertical direction, while scattering from in-
plane structure is shown in the horizontal direction (qu). For
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Figure 9. GIWAXS patterns for glasses of TPD vapor-deposited at
two different substrate temperatures, with simplified illustrations of
packing. Adapted with permission from ref 12. Copyright 2015,
American Chemical Society.

reference, a liquid-cooled glass has a scattering pattern that is
radially symmetric as a result of its isotropy, that is, the same
scattering pattern is observed along g, and q,, and all other
directions.

The upper panel in Figure 9 shows a glass of TPD vapor-
deposited onto a low temperature substrate. The scattering
with Igl ~ 1.4 A" is indicative of contacts between carbon
atoms on adjacent TPD molecules. The more intense
scattering along g, is reasonably interpreted as a tendency
toward “face-on” packing, as shown in the schematic. This is
consistent with Figure 3, which shows that the long-axis of
TPD tends to lie in the plane. The lower panel in Figure 9
shows scattering for a glass of TPD vapor-deposited at 0.95 T,
The slight excess scattering observed along g,, is consistent
with a mild tendency toward vertical orientation and edge-on
packing.

Some have viewed the scattering in Figure 9 and wondered if
these anisotropic samples might be better described as
nanocrystalline. All the glasses shown in Figures 3 and 9
become isotropic liquids when heated a few degrees above T,
In contrast, crystal nuclei would be expected to grow into
larger crystals under these conditions. In addition, PVD glasses
are molecularly smooth, in contrast with typical crystalline
films, and optical and AFM experiments show no indications of
grain boundaries. Thus, these PVD films are macroscopically
homogeneous, as expected for glasses.

The cartoons in Figure 9 suggest the idea that charge
mobility might be enhanced by controlling the anisotropy in
PVD glasses of organic semiconductors. While experiments
have shown that charge mobility can be modulated by
deposition conditions (by at least an order of magnitude), it
is not yet clear whether anisotropic packing or dense packing
will generally be the key factor controlling charge mobi-

lity. 13533
B MAXIMIZING THE ANISOTROPY OF PVD GLASSES

On the basis of Figure 3, one might anticipate that even more
anisotropic glasses might be prepared with even more
anisotropic molecules. This is indeed the case, but there is a
new feature to consider here, as rod-like molecules of
sufficiently large aspect ratio are mesogens, that is, molecules
that form liquid crystals. Itraconazole (shown at the bottom of
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Figure 10) is an interesting example.® As the liquid of
itraconazole is cooled from high temperature, it undergoes

substrate g
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260 K

<<T
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Figure 10. GIWAXS scattering patterns for vapor-deposited glasses of
itraconazole, with sketches of molecular packing in the films. Adapted
with permission from ref 36. Copyright 2017, American Chemical
Society.

transitions from an isotropic phase to a nematic phase and then
a smectic phase. Further cooling results in the formation of a
glass that inherits its structure from the equilibrium smectic
liquid. A wide range of structures are formed when
itraconazole is vapor-deposited onto substrates with different
temperatures, as illustrated with the GIWAXS scattering
patterns in Figure 10. We describe these materials as glasses
with liquid—crystalline order.

The top panel of Figure 10 shows the scattering pattern
characteristic of an aligned smectic liquid crystal and was
obtained by depositing onto a substrate at T,. The in-plane
scattering with q,, ~ 1.4 A~"is consistent with nearly vertical
rods, indicating a high degree of nematic alignment. The three
orders of diffraction along g, (0.2, 0.4, and 0.6 A™") indicate
strong smectic ordering, with layers running parallel to the
substrate. It is remarkable that such a highly aligned and
ordered structure can be directly formed by deposition as
conventional methods usually require annealing and a careful
selection of contact surfaces. Why did deposition produce this
structure? Most rod-like mesogens prefer to orient perpendic-
ular to a liquid surface at equilibrium. If we assume that
itraconazole has this property, and that it also has enhanced
mobility at its free surface, then the observed structure is
consistent with the surface equilibration mechanism. During
deposition near T, surface mobility allows all the surface
molecules to orient vertically. When one layer is complete, the
next layer begins to form, eventually allowing construction of
an aligned smecticc. We have verified that the observed
structure is independent of the underlying substrate, as
expected from the surface equilibration mechanism."
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The second and third panels in Figure 10 can also be
understood in terms of surface equilibration. The middle panel
shows the structure of a sample deposited onto a substrate held
somewhat below T, Again, strong indications of smectic order
are observed, but the rods are less vertical and the smectic
layers are closer together. We interpret this to mean that the
top monolayer did not have quite enough time to equilibrate
during this deposition. At even lower temperatures, the
molecules get trapped parallel to the substrate. We imagine
that this is the initial structure upon deposition and that there
is insufficient mobility to evolve away from it before the
structure is trapped by further deposition.

Discotic liquid crystals (formed from disc-shaped molecules)
have been extensively investigated for organic electronics; the
stacking of m-systems can result in very high charge
mobility.””*® For a few discotic systems, PVD has been used
to prepare glasses with liquid crystalline order including highly
ordered columns running parallel to the free surface.”” It is of
interest to determine whether deposition conditions can be
found that result in discotic materials with high charge

mobility.
B SUMMARY AND FUTURE PROSPECTS

Because of their nonequilibrium nature, glasses have structures
that depend upon the method of preparation. Because cooling
from the isotropic liquid is the most common route of glass
formation, and because this route yields an isotropic glass, the
idea of “anisotropic glasses” has not received much attention
and is sometimes regarded as an oxymoron. However, once
one envisions routes of preparation beyond liquid cooling, it is
clear that many (perhaps all) molecules could have anisotropic
amorphous forms. Glass preparation by vapor deposition is
inherently an anisotropic process and currently provides the
most important route to anisotropic glasses. On the basis of
our results, we expect that for many organic compounds, there
are a very wide range of anisotropic glasses with sufficient
stability for applications.

Returning to the theme of PVD glasses as hybrid organic
solids, we summarize the ways in which PVD glasses combine
attributes of crystals and liquid-cooled glasses. PVD glasses are
more flexible with respect to composition than crystals and are
generally macroscopically homogeneous. While single crystals
can certainly be more anisotropic than PVD glasses, vapor-
deposited glasses can be strongly anisotropic with deposition
parameters allowing continuous control over anisotropy. While
the underlying substrate is critically important for controlling
crystal orientation, the structure of PVD glasses is independent
of the substrate for films thicker than a few monolayers. In
addition, it is much easier to obtain a smooth, pinhole-free film
of a PVD glass than for a crystalline material. In comparison to
liquid-cooled glasses, it is clear that PVD glasses offer a wide-
range of anisotropic packings, with the added benefit of
enhanced thermal and chemical stability.

Anisotropic glasses offer potential advantages for applica-
tions. Control over molecular orientation in any organic solid
provides the ability to modulate the absorption and emission of
light. The improved efficiency of OLEDs as a result of emitter
orientation is a key example. In addition, control over
molecular packing in principle allows modulation of the
interactions responsible for charge transport. While charge
mobility in glasses is generally much lower than in single
crystals, appropriate deposition conditions for PVD glasses can
increase charge mobility.
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There are exciting avenues for future work with anisotropic
glasses. The direct deposition of discotic liquid crystal
mesogens should be further explored; for this case, order of
magnitude increases in charge mobility might be expected
relative to isotropic glasses. It is possible that glasses with the
extreme anisotropy of an aligned liquid crystal might be
obtained even without using liquid crystal mesogens, as
suggested by recent work."” If this is general, it would
significantly expand the set of molecules for which very highly
organized glasses can be obtained. There are intriguing
questions about macroscopic homogeneity and compositional
flexibility in highly organized anisotropic glasses: will these
advantageous properties be increasingly difficult to obtain as
the level of anisotropy increases? Will there be local
segregation of components during deposition driven by
different surface energies and molecular mobilities? And
more generally, can preparation routes beyond PVD be
identified for producing anisotropic glasses?
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