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Abstract

Molecular orientation anisotropy can be critical in functional organic thin films. For instance, it
is known that molecular orientation can affect the performance of organic electronic devices such
as light emitting diodes (OLEDs), thin film transistors (OTFTs), and photovoltaics (OPVs);
however, the impact of molecular orientation on device performance tends to be obscured by
complexities of the multilayer device structure, and control over molecular orientation in the
organic layer(s) is often limited. Thus, techniques that can depth profile molecular orientation in
thin films are sorely needed. We demonstrate that polarized resonant soft X-ray reflectivity (p-
RSoXR) can extract molecular orientation depth profiles with the needed nanometer-level
resolution. Leveraging developments in stable molecular glass formation using physical vapor
deposition (PVD) we create molecular glass films of posaconazole, a rod-like molecule, with
controlled orientation. We show that p-RSoXR is highly sensitive to thin oriented layers at the
posaconazole surface, while providing quantitative molecular tilt values for the bulk film. Finally,
we demonstrate that p-RSoXR can detect and characterize buried interfaces based solely on
molecular orientation, providing insight into the structure of complex films that was previously

unmeasurable.



Inhomogeneous vertical depth profiles are a critical aspect of nanoscale structure in thin soft
matter films. Variation in composition, orientation, and packing motif as a function of depth are,
in fact, more the rule than the exception. Examples abound, from linear! and bottlebrush? block
copolymers, where interplays between surface energies and chain conformation lead to complex
layering behaviors, to organic bulk heterojunction mixtures, where vertical segregation occurs
naturally in most systems>* and is purposefully created in bilayer mixing experiments to study the
miscibility of components.> Vertical stratification in crystallinity and/or crystal or molecular
orientation has also been reported in single component organic semiconductors.®’ Ion-containing
systems, such as ionic liquids,® polymer electrolytes,’ and doped organic semiconductors!® also
exhibit vertical stratification. In liquid crystals, orientational cues from substrates and superstrates
can lead to complex orientation depth profiles.!! In biological membranes, vertical stratification of
various functional groups is not just an accidental material property, it is a key to their function.!?
Inhomogeneous film models have even been used to illuminate complex lateral processes
occurring in organic photoresists.!*> Despite the importance of vertical stratification, non-
destructive tools for its evaluation are lacking.

An exciting new type of nanoscale structure control in thin films has recently been demonstrated
during the physical vapor-deposition (PVD) of small molecules into oriented stable glasses.'* 2
High degrees of orientation and order can be achieved in this material class, even for molecular
systems that do not have equilibrium crystal or liquid crystal phases.?’ Anisotropic glasses have
relevance to applications such as organic light-emitting diodes (OLEDs),?! and the impact of
glassy phases and charge transport anisotropy caused by molecular orientation within them is well-
recognized in the broader organic electronics field.?? The molecular orientation in PVD molecular

glass films is largely determined by the geometry of the molecule and the substrate temperature



(Tsub) relative to the glass transition temperature (Tg) of the material during deposition.!*2° A great
deal has been learned about the control of order in these systems using bulk measures of molecular
orientation, but thus far a detailed vertical depth profile has remained elusive. Orientation
measurements using ultraviolet-visible (UV-Vis) or infrared (IR) spectroscopies (or
ellipsometries) are sufficient to provide a bulk orientation, and we have recently shown that Near
Edge X-ray Absorption Fine Structure (NEXAFS) spectroscopy can provide a surface orientation
measurement,”” enabling a surface-vs-bulk comparison. However, a more complete understanding
of these systems requires a vertical depth profile measurement tool with high spatial resolution
and high sensitivity to molecular orientation to explore molecular-scale orientation within buried
layers and at buried interfaces.

Here we provide new measurements of orientation in PVD-deposited, highly oriented
posaconazole glass films using an emerging technique: polarized resonant soft X-ray reflectivity
(p-RSoXR). p-RSoXR has been used to study orbital orientation and magnetic dichroism in
inorganic systems;>*2> herein we describe major advances in its application to organic films. p-
RSoXR uses NEXAFS transition dipoles to derive contrast in composition and orientation. It is an
extension of RSoXR (without the “p”),2¢?° where analysis of organic films has usually ignored
the influence of polarization, often justified by its application to isotropic materials. In previous
demonstrations on organic films, p-RSoXR was effective for measuring the bulk orientation of
NEXAFS transition dipole vectors in homogenous thin films, most notably the 1s—n* in
polymers,*° small molecules,’' and self-assembled monolayers.>? In this manuscript, we develop
an approach to p-RSoXR that permits complete molecular orientation depth profiling, allowing

for the modeling and extraction of orientations simultaneously in the bulk and interfaces, and for

the measurement of multilayer films having distinct orientations within sublayers. We demonstrate



how to depth profile molecular orientation using posaconazole glass films, with an emphasis on
the experimental requirements and data analysis practices. We show that p-RSoXR is highly
sensitive to thin, oriented surface layers, and that the orientation depth profiles for posaconazole
films are consistent with expectations from the surface equilibration mechanism for imparting
orientation in molecular glass films during PVD.!” Furthermore, by using a NEXAFS-informed
approach to interpreting the p-RSoXR results, we extract molecular tilt values for the bulk layer
of the films that quantitatively agree with IR spectroscopy results'®. Finally, we demonstrate that
our quantitative molecular tilt analysis can be applied to a bilayer film with orientationally distinct
sublayers, revealing not only the orientation within each of the = 20 nm sublayers, but also the
nature of the interface between them, which is due solely to changes in orientation and cannot be

resolved with existing depth profiling techniques.

Background

The world of nanostructured soft materials needs improved depth profiling techniques, as
currently available depth profiling techniques have significant limitations. Destructive methods
such as secondary ion mass spectrometry (SIMS)>3® and sequential X-ray photoemission
spectroscopy (XPS)®3* rely on atomic contrast to differentiate composition, with poor contrast in
organics having similar elemental ratios, such as pure hydrocarbons. These techniques also lose
resolution near the film bottom due to uneven material removal. Conventional hard X-ray
reflectivity (XRR) also has limited contrast in low atomic number (low-z) materials. Neutron
reflectivity (NR) can leverage selective deuteration for nanometer-level resolution composition
depth profiles,® but it imposes the costs and synthetic challenges of deuteration, and it requires

sample uniformity over relatively large areas, which can be challenging for many applications.



SIMS, XPS, XRR, and NR are not sensitive to molecular orientation. Resonant soft X-ray
reflectivity has emerged recently as a powerful depth profiling technique that is practiced similarly
to XRR, except that NEXAFS resonances are used to enhance contrast for low-z materials.?® " In
most RSoXR studies of organic films to date, polarization has been ignored or ‘worked around,’
rather than exploited to extract orientation.

Variable-angle spectroscopic ellipsometry (VASE) is an accessible benchtop technique that is
sensitive to molecular orientation by detecting the birefringent response of optical transition
dipoles.'® Full orientation depth profiles obtained from VASE are limited to a depth resolution of
~ 5 nm and are rarely published due to the challenges of developing robust optical models, but
approaches for doing so are established.*® Using p-RSoXR to depth profile molecular orientation
provides a number of advantages compared to VASE. For example, since the index of refraction
at soft X-ray wavelengths only deviates slightly from unity’’, developing optical models to
describe orientation-induced birefringence is greatly simplified. Additionally, the two orders of
magnitude decrease in wavelength relative to VASE (UV-Vis) provides p-RSoXR with the
opportunity to achieve significantly better depth resolution. Finally, the resonances (i.e., NEXAFS
transition dipoles) leveraged by p-RSoXR are, in principle, resolved to a single unfilled valence
orbital within a molecule, thus orientations derived from them can be separated and assigned to

sub-molecular moieties. Therefore, p-RSoXR might be able to provide depth profiles that can, for

instance, distinguish the backbone vs. side chain orientation in rigid rod polymers.*3

Experimental
Posaconazole VETRANAL analytical standard was used as received from Sigma Aldrich.

Samples were prepared by PVD in a home-built vacuum chamber at a base pressure of 10 Pa, as



detailed in previous publications'®!°. Films of approximately 70 nm thickness were prepared on
identical 1-inch undoped silicon <1 0 0> wafers with =2 nm native oxide from Virginia
Semiconductor. Posaconazole film orientation was controlled by adjusting the substrate
temperature during PVD, as described previously!'®,

NEXAFS data were collected using the Soft X-ray Spectroscopy beamline at the Australian
synchrotron (AS)*. Scans were performed using linearly polarized X-rays and five different
sample tilt angles, such that the electric field vector was aligned at 6 = 90°, 70°, 55°, 40°, and 20°
relative to the sample surface normal. X-ray absorption was monitored using the channeltron
detector operating in partial electron yield mode (PEY) with a bias of -218.5 V. Scans were
recorded over an energy range of (230 to 430) eV. The raw data were corrected and analyzed using
the Quick AS NEXAFS Tool (QANT)* as detailed in the supporting information.

The p-RSoXR measurements demonstrated in this work were performed at Beamline 11.0.1.2
of the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL)*!42,
Preliminary p-RSoXR experiments on posaconazole films were also performed at the BEAR
beamline of Elettra Sincrotrone Trieste** and the data are provided in the supporting information.
At ALS beamline 11.0.1.2, reflectivity data were acquired using both s- and p-polarized X-rays.
p-RSoXR  scans  were  measured using  four  different  X-ray  energies
(250.0, 283.9, 284.7, and 285.7) eV and an incident angle range of 6 =~ 1° to 60° relative to the
sample plane. Spectroscopic energy scans at fixed incident-angle were also performed to
qualitatively assess molecular orientation and to normalize the p-RSoXR intensity values (see
supporting information). All reflectivity measurements were recorded using the CCD image
detector; images were recorded using a 300x300 pixel region of interest with 2x2 binning in order

to reduce readout overhead. To prevent detector saturation, the incident beam flux was attenuated



by adjusting the higher-order suppressor (HOS) mirrors every 0 = 5° during the angle the scans,
until the specular beam no longer saturated the detector when using the fastest shutter speed. In all
cases, the two previous measurement angles prior changing the HOS setting were repeated to
provide overlapping data during reduction.

The reflectivity data were reduced using Python code scripted in JupyterLab and analyzed using

4445 as detailed in the

the ReMagX software developed by Sebastian Macke and Coworkers
supporting information. In short, the specularly reflected intensity was extracted and corrected for
background counts from the CCD images recorded at each incident angle. The resulting intensity
values we further corrected for changes in the instrument setup throughout the scan and normalized
by the direct beam to yield absolute reflectivity data. For each sample, the non-resonant (250.0
eV) data were fitted in ReMagX to extract the total posaconazole film thickness and surface
roughness, which were then fixed during subsequent analysis of the resonant data. The resonant

data were fitted by adjusting the optical properties of the posaconazole film in the reflectivity

model, in order to extract molecular orientation information.

Results and Discussion

Posaconazole is an ideal material system to validate novel depth profiling techniques. Previous
demonstration has revealed that the molecular orientation in posaconazole films can be controlled
by tuning the substrate temperature (Tsuw) during PVD.!® Posaconazole molecules are thought to
behave in a rod-like fashion, where the average long-axis tilt within a film can adopt a net
horizontal, net vertical, or isotropic orientation. PVD conditions leading to these bulk orientations
were identified using infrared (IR) and VASE analysis: Tsu» << Ty yields horizontal orientation,

Tsub < T provides vertical orientation, and Tsub > Tg results in an isotropic film, similar to a liquid-



cooled glass.'® To demonstrate how p-RSoXR can be used to extract molecular orientation depth
profiles, we characterize three posaconazole films (Tg= 330 K)'® that were prepared with distinct
bulk orientations: (i) horizontal (Tsu = 290 K), (ii) vertical (Tsu = 327 K), and (iii) isotropic (Tsub
= 334 K). The VASE-derived bulk film orientation for each of the samples was confirmed to be
consistent with the results from Gémez et al'® (supporting information, Figure S2). We begin our
study by examining the NEXAFS spectroscopy of posaconazole, as it forms the basis for
orientational contrast in the p-RSoXR technique. We then provide the experimental p-RSoXR
results obtained for each of the three films and show how NEXAFS-informed interpretation of p-
RSoXR data can yield quantitative molecular tilt values. Finally, we demonstrate the true potential
of molecular orientation depth profiling by using p-RSoXR to characterize a posaconazole bilayer

stack, where the sublayers of the film are compositionally identical but orientationally distinct.

Impact of Molecular Orientation on Soft X-ray Optical Properties

A quantitative description of p-RSoXR requires understanding the resonant, anisotropic index
of refraction of the material, which we develop based on NEXAFS spectroscopy. NEXAFS
spectroscopy is typically applied using soft X-rays to measure the orientation and composition of
organic layers,*® most commonly at the carbon K-edge. NEXAFS is most commonly measured in
electron yield (EY) modes, which provide the composition and orientation near the film surface.
Fluorescence and transmission NEXAFS can deliver a bulk composition and/or orientation
measurement, but they are more rarely employed because they are more experimentally
challenging. The closest approach to a molecular orientation depth profile that can be

accomplished using the various modes of NEXAFS alone is a surface vs. bulk comparison;



however, we demonstrate how quality NEXAFS data plays a key role in enabling p-RSoXR to
provide quantitative molecular tilt values.

Carbon K-edge NEXAFS resonances are due to the excitation of 1s electron from a carbon center
into an unfilled (typically n* or 6*) molecular orbital that includes the carbon center of the initial
state. Peaks in NEXAFS spectra can typically be assigned to carbon centers within specific
moieties or bonds of a molecule. In Figure 1a we show the chemical structure of posaconazole,
and in Figure 1b,c we show a partial electron yield (PEY) carbon K-edge NEXAFS spectrum (gray
circles) from the vertical posaconazole sample, along with a multi-peak fit (black curve). We
recently assigned a number of resonant peaks due to 1s — m* transitions in posaconazole to specific
carbon centers (shown below the data in Figure 1b,c);?° the carbon centers associated with these
assignments are highlighted on the molecular structure in Figure la. In all cases, the dipole
moments of these 1s — m* transitions are expected to be perpendicular to the planes of their
respective ring moiety*®. The measured resonant peak intensity will vary proportionally to the dot
product of the incident electric field vector and the resonating transition dipole. As demonstrated
in Figure 1d,e, when the electric field vector is varied by adjusting the incident angle of the X-ray
beam between 20° and 90°, the NEXAFS spectra collected from the vertical posaconazole sample
(Tsub = 327 K) shows monotonic changes in peak intensity, indicative of orientation anisotropy at

the film surface.
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Figure 1: (a) Chemical structure of posaconazole with carbon atoms that exhibit 1s—n* NEXAFS
transitions highlighted. The highlight colors correspond to the unique peak features fit to the (b,c)
orientation-insensitive magic angle PEY-NEXAFS spectrum (54.7° angle between electric field
vector and sample normal) from the vertical (Tsuw = 327 K) sample. In (b,c), the open gray circles
represent the data and the solid black curve represents the multi-peak fit to the data. The individual
peaks and step edge feature used to generate the fit are shown offset below the data. The purple
(285.1 eV) and blue (285.3 eV) peaks correspond to 1s—n*(C=C) resonances from the phenyl
rings; the green (286.7 eV) peak corresponds to the 1s—n*(C=C) and 1s—n*(C=N) resonances
from the phenyl and triazole(one) rings; the gold (287.5 eV) peak corresponds to the 1s—n*(C=C)
resonance from the fluorinated phenyl ring; and the red (289.6 eV) peak corresponds to the 1s—
n*(C=0) resonance of the triazolone ring. (d,e) Post-edge normalized PEY-NEXAFS spectra from
the vertical sample measured with varying incident angles between 20° and 90°. The open circles
represent the data and the solid curves represent the multi-peak fits to the data.
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Qualitative inspection of the 1s— n* region (=284 eV to =289 eV) of the NEXAFS spectra
from the vertical sample (Figure le) suggests each resonance has similar orientation, i.e., the
highest intensity for each peak is observed at 90° incidence, and the lowest intensity is at 20°
incidence. However, after using multi-peak fitting to deconvolute the spectra, we find different
extents of dichroism across the 1s— n* region. The peak at 285.1 eV (phenyl) exhibits the
strongest dichroism, followed by the peaks at 285.3 eV and 286.7 eV (phenyl/triazole), which have
roughly similar dichroism. The intensity of the 287.5 eV (fluorinated phenyl) peak does not change
with incident angle, implying isotropic orientation. The unassigned 287.9 eV, 288.8 eV, and
290.4 eV peaks exhibit similar dichroism to the 289.6 eV (carbonyl) peak, with each showing less
dichroism than the phenyl/triazole peaks.

To relate the measured dichroism of the 1s— w* transition dipoles to the extent of ‘vertical’
orientation of a posaconazole molecular long axis, we must make some assumptions about the
conformations and symmetries adopted by the posaconazole molecule. We first assume that the
posaconazole molecules, or at least a central ‘core’ of several ring systems, are rod-like*’, as
depicted in Figure 2a,b. We then assume that since there are no crystalline phases present to
constrain molecular packing, any rotation about the long axis is equally probable within the glass,
as shown in Figure 2c. This assumption allows us to describe the core 1s— n* transition dipole as
a planar rather than vector orbital, adopting the nomenclature described by Stohr (specifically
referring to Fig 9.3 and Eq 9.17 in Ref *°). The extent of 1s— ©* transition dipole dichroism thus
describes the rod-like long axis orientation explicitly. We also employ the common assumption
that a net in-plane isotropic distribution of micro- or nanoscale domains exist within the measured
sample volume, thus providing arbitrary rotations about surface normal, as shown in Figure 2d.

Finally, we assume (not depicted) that the various 1s— ©* systems in the oriented molecular core

12



will have slightly different degrees of tilt relative to the long axis, but that some systems will be
more perfectly perpendicular to the long axis orientation than others. Under these assumptions,
less perfectly perpendicular resonant systems would exhibit less peak dichroism in oriented
samples. We choose the peak at 285.1 eV (phenyl), which exhibits the strongest dichroism, to

describe long axis orientation.
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Figure 2: Figure showing symmetry of posaconazole transition dipoles and defining geometry of
p-RSoXR and NEXAFS setup/coordinate system.

To quantify the average long axis tilt from the 285.1 eV (phenyl) peak dichroism, we use

Equation 1, which is adapted from Stohr’s* Eq 9.17a:

Apear = C * {1 - % [3cos?(0) — 1][3cos?(y) — 1]} (1)
where A,qq is the peak area, 6 is the X-ray incident angle, y is the planar tilt (see Figure 2b,c),
and C is a constant corresponding to the peak area for an isotropic sample. Using the peak areas
extracted from the NEXAFS data shown in Figure 1d,e, we find that the average posaconazole
molecular tilt, <cos’y>, at the surface of the vertical sample corresponds to y = 32.9° + 1.4°,
assuming a narrow distribution of y, consistent with a nominally vertical orientation. Throughout
the manuscript we will adopt the assumption of a narrow distribution and report <cos’y> as simply
v. We note that an isotropic sample will thus have y = 54.7°. Similar NEXAFS analysis was
performed on the horizontal and isotropic samples, and the results for all three films are provided
in Figure S3 of the supporting information.

Our assumption of high symmetry about surface normal (see Figure 2) means that the optical
properties of oriented posaconazole can be treated as uniaxial, with distinct in-plane (x,y) and out-
of-plane (z) contributions to the index of refraction. We use the common expression of index of
refraction for X-ray wavelengths (n = 1 — § + if8), where 1-Jis the real component of the index
of refraction and £ is the imaginary component, which gives rise to absorption. For uniaxial
systems, the in-plane contributions are represented by oxx and fxx (xx and yy are equivalent), whereas
the out-of-plane contributions are given by 6 and fz. In Figure 3 we provide the uniaxial
components of the complex index of refraction for posaconazole with an average tilt of y = 32.9°,

based on the NEXAFS data from the surface of the vertical sample shown in Figure 1 (see Methods
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for details). Figure 3a shows that the vertical sample surface exhibits significant f-dichroism (fxx
- p=z), which is calculated and plotted in Figure 3b. The origin of f-dichroism for a vertical sample
is illustrated in Figure 2e, where it is shown that the t* orbital plane aligns with the sample plane
(x-y). Thus, when the electric field vector of incident radiation is aligned with the x-y plane (i.e.,
s-polarization, s-pol), absorption (fx) due to n* resonances is maximized. Likewise, when the
electric field vector of incident radiation is aligned with the z-axis (i.e., p-polarization, p-pol),
absorption (fz) due to m* resonances is minimized, and the resulting f-dichroism is positive for
the m* resonances. Similar geometric arguments can be used to predict the f-dichroism for
posaconazole films with horizontal orientation (Figure 2f). In this case, the ©* orbital plane is
aligned with the z-axis, thus out-of-plane absorption (/) is maximized, whereas in-plane
absorption (fkx) is minimized because only half of the possible configurations from the azimuthal
average align with the s-pol electric field vector. Thus, horizontally oriented posaconazole films
will exhibit negative S-dichroism for the n* resonances.

The orbital alignment that leads to the S-dichroism seen in Figure 3b also induces birefringence
in the real component of the index of refraction, 6. We calculate o« and .z (Figure 3c¢) using the
Kramers-Kronig (KK) relations with the f-spectra shown in Figure 3a. Birefringence is clearly
seen in Figure 3¢ and quantified in Figure 3d (in this work, we define o-birefringence as the
negative of [ ok - ], in order to provide consistency in sign with the f-dichroism for the strongest
resonance near 285 eV). Unlike S-dichroism, the energy-dependence of &-birefringence cannot be
explained though simple geometric arguments. For instance, the sign of o-birefringence for the
vertical sample changes multiple times within the 1s— 7* resonance energy region (= 284 eV to

~ 289 eV) and the maximum o-birefringence value occurs = 0.3 eV below the peak absorption
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resonance at 285.1 eV; however, there is still a direct correlation between o-birefringence and

average molecular tilt, such that it can be used to extract molecular orientation.
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Figure 3: (a) Imaginary components () of the complex index of refraction for posaconazole from
the surface of the vertically aligned (Tsub = 327 K) sample. (b) The corresponding fS-dichroism. (c)
The KK-calculated real components (8) of the complex index of refraction based on of the
imaginary components in (a). (d) The corresponding J-birefringence.

Unlike NEXAFS, which nominally only probes absorption (£), p-RSoXR is sensitive to both &

(primarily through interference between the various reflected waves) and 4 (through absorption)*’.

Detecting changes in ¢ (and thus potentially o-birefringence) provides the opportunity to decouple

orientation sensitivity from absorption, which is essential for orientation depth profiling. For
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example, if we rely solely on f-dichroism to probe posaconazole tilt, then to maximize our
orientation sensitivity we would make p- RSoXR measurements at 285.1 eV; however, due to the
strong absorption at that energy, a 70 nm thick posaconazole film would transmit less than 10 %
of the reflected beam for incident angles less than 25°, drastically minimizing the information
content of the p-RSoXR data. If, on the other hand, we use J-birefringence to extract posaconazole
tilt, then we can make our p-RSoXR measurement using 284.7 eV X-rays, which still have a strong
sensitivity to orientation, but due to lower absorption, transmit at least 10 % of the reflected beam
for all incident angles greater than 3.6°. With these insights in mind, we select energies for p-
RSoXR measurements that provide significant J-birefringence, while also avoiding strong
absorption. Furthermore, to increase confidence in assigning molecular orientation from o-
birefringence, we performed measurements at energies where vertical orientation yields positive
o-birefringence (283.9 eV and 284.7 eV) as well as negative J-birefringence (285.7 eV) based on

the NEXAFS-derived spectrum in Figure 3d.

P-RSoXR Analysis of single-layer films

Representative p-RSoXR data from the isotropic (Tsub = 334 K) single-layer posaconazole film
are shown in Figure 4. In Figure 4a we provide the reflectivity data collected using both s- and p-
polarized (s-pol, p-pol) 250 eV X-rays, which are far lower in energy than the carbon K-edge and
thus do not exhibit resonant effects, i.e., the index of refraction anisotropy is negligible. We use
the data (open circles) in Figure 4a to extract the film geometry, specifically the posaconazole film
thickness and the interfacial width at the free surface, which describes sample roughness. The
model used to fit the data assumes the bare-atom index of refraction for posaconazole (see

supporting information for details). As shown in Figure 4a, the simultaneous fit (solid curves) to
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the data recorded using both X-ray polarizations is in excellent agreement with the data. The
principal difference between this result and a hard X-Ray reflectivity measurement, which would
also be non-resonant, is the p-polarized feature near q = 0.18 A!, which is due to Brewster’s angle
where reflectance vanishes. For soft X-rays interacting with isotropic media, Brewster’s angle
occurs near 0 = 45°.37 The Brewster’s angle feature has limited previous analysis of organic films
using p-RSoXR*® because the intensity of the p-pol reflectivity can become orders of magnitude
lower than that of the s-pol reflectivity, requiring a detector with much higher dynamic range, or
a high flux X-ray source that can be accurately attenuated. As shown in Figure 4a, we are able to
overcome this challenge and achieve = 7 orders of dynamic range at ALS beamline 11.0.1.2 by
using the CCD detector and attenuating the incident flux with the higher order suppressor (HOS)
mirrors, providing suitable data near and beyond the Brewster’s angle minimum in the 250 eV
data. For reference, we highlight the experimental “noise floor” in each of the p-RSoXR plots,
which represents approximately the lowest experimental reflectivity that can be distinguished from
the background intensity for the configuration and X-ray energy being used. Our analysis of
resonant p-RSoXR data, below, will demonstrate the importance of p-pol data near Brewster’s

angle when attempting to extract molecular orientation depth profiles.
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Figure 4: p-RSoXR data collected from the isotropic posaconazole sample deposited at Tsub =
334 K. In each plot, blue circles and curves correspond to s-pol data and fits, respectively, and the
orange circles and curves correspond to the p-pol data and fits. In all cases, the s- and p-polarized
data are fit simultaneously using a single optical tensor for each layer in the model. (a) non-
resonant (250 eV) data fit by adjusting film geometry and using the bare-atom index of refraction
for a p = 1.22 g/cm3 posaconazole film. (b) resonant (284.7¢V) data fit by adjusting the complex
index of refraction for an isotropic optical tensor. (c) resonant (284.7¢V) data fit by adjusting the
uniaxial dielectric tensor. (d) resonant (284.7¢V) data fit by modeling the posaconazole film with
two distinct layers and adjusting the layer thickness ratio, uniaxial dielectric tensors, and interfacial
widths. In fits shown in (b-d), the total film thickness and the surface roughness were fixed based
on the values extracted from the model fit in (a).

In Figure 4a, the only difference between the s-pol and p-pol data is the magnitude of the

reflectivity as Brewster’s angle is approached; the critical angle and the location of the fringe
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oscillations are unaffected by polarization because there is negligible &-birefringence or f-
dichroism at 250 eV (regardless of posaconazole orientation). The presence of o-birefringence will
cause a shift in the location of the critical angle and subsequent fringe oscillations, as well as
potentially affecting the fringe amplitude when comparing s-pol and p-pol data, while f-dichroism
will cause differing levels of attenuation between the s-pol and p-pol data, typically manifesting
as changes in reflected intensity at low angle (low ¢) and differences in fringe oscillation
amplitude. In Figure 4b-d, we show p-RSoXR data (open circles) collected from the isotropic
posaconazole film at 284.7 eV, a resonant condition that shows strong sensitivity to orientation in
o-birefringence. It is immediately apparent that resonant effects change the reflectivity data
dramatically when compared to the 250 eV data; there is no region of total external reflection at
low g-values (and thus no critical angle), and the p-pol data does not exhibit a Brewster’s angle
minimum that approaches zero at @ = 45° (¢ = 0.205 A™"). Furthermore, close inspection of the low-
g data in the inset of Figure 4b reveals that there is a slight offset in fringe location, as well as a
difference in reflected intensity between the two polarizations, suggesting there is orientation
anisotropy within the film. In Figure 4b-d, we demonstrate how changing the optical model of the
posaconazole film during p-RSoXR fitting analysis impacts the goodness of fit, and thus our ability
to extract molecular orientation from the data.

In Figure 4b we show the best-fit depth profiles (solid curves) when using a simple single layer
model with an isotropic dielectric tensor to represent the posaconazole film. To reduce the number
of free parameters during fitting, we fixed the geometry (film thickness and surface roughness) to
the results from the 250 eV fit and allowed only the isotropic dielectric tensor parameters (6 and
) to vary. It is clear from the fit curves in Figure 4b that any isotropic tensor, which will produce

a Brewster’s angle minimum in the p-pol data near ¢ ~ 0.2 A", cannot be used to model the resonant
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reflectivity data. Therefore, we must introduce posaconazole orientation into the model, even
though the posaconazole film is isotropic in VASE (see supporting information, Figure S2).

The solid curves in Figure 4c represent the best-fit profiles when the posaconazole film is
modeled as a single layer with optical properties described by a uniaxial dielectric tensor. The
geometry parameters are still fixed to the fit from the 250 eV data, while the components of the
uniaxial dielectric tensor were allowed to vary. The fit shows an improvement in capturing some
of the qualitative features of the p-RSoXR data compared to the isotropic model in Figure 4b. Most
notably, the Brewster’s angle minimum is suppressed. It is not an excellent fit, however. The
location of fringe oscillations in the p-pol data at low g-values (Figure 4c, inset), as well as the
fringe amplitude in both polarizations are significantly different than the data. The results from
Figure 4b-c clearly indicate that a single-layer model cannot be used to describe the optical
properties of the posaconazole film at resonant energies. We must include additional layers. It is
known that posaconazole films can have a different free surface orientation than the bulk.?® A
second layer on top of the bulk film would be consistent with those results.

Our third model highlights the sensitivity of p-RSoXR to thin, oriented surface layers. The fit
curves shown in Figure 4d model the posaconazole film as two layers, both of which have
independent uniaxial dielectric tensors. This two-layer model quantitatively captures the
experimental data from both polarizations over the entire g-range measured. Moreover, the model
parameters for the fit shown in Figure 4d indicate that there is a vertically oriented surface layer
on top of a nearly isotropic bulk film, which is consistent with the observations from both VASE
(bulk) and NEXAFS (surface) (Supporting Information Figures S2, S3). However, unlike the
combined VASE+NEXAFS analysis, the p-RSoXR analysis provides the thickness and interfacial

width of the vertically-oriented surface layer; the best-fit thickness of the surface layer is 1.5 nm
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and the transition between bulk and surface orientation occurs abruptly (i.e., the best-fit interface
width is 0 nm). The thickness of the surface layer is on the order of posaconazole’s molecular
dimensions, indicating the presence of an oriented monolayer at the free surface of the isotropic
posaconazole film. To our knowledge, this represents the first experimental measurement to yield
the depth dependence of orientation at the free surface of an organic glass. Interestingly, the
molecular-scale dimensions of the surface layer and the abrupt transition to the bulk film
orientation is consistent with the simulated equilibrium surface structure of other rod-like
molecular glasses. "

The same analysis demonstrated in Figure 4 was performed on p-RSoXR data collected from
the isotropic film using 283.9 eV and 285.7 eV X-rays. Furthermore, we collected and analyzed
p-RSoXR data from the horizontal and vertical single-layer films using the same set of energies
(see the supporting information for all data and analysis). In all cases, the best fit to the resonant
data was obtained when using a two-layer model for posaconazole (e.g. Figure 4d). We note that
extending our analysis to include a differently-oriented posaconazole bottom layer at the substrate
surface did not result in significant improvements to the fits of the p-RSoXR data, suggesting the
bulk orientation is unperturbed by the substrate; however, confirming such a conclusion will
require additional studies to assess the p-RSoXR sensitivity limits toward buried layers of
molecular dimensions.

In Figure 5, we provide the resonant (284.7 eV) p-RSoXR data (open circles) and best fit profiles
(solid curves) for the isotropic, horizontal, and vertical single-layer films (Figure 5a-c), along with
their corresponding o-birefringence depth profiles (Figure 5d-f). Although all three films have
similar thicknesses and are composed of the same material, their p-RSoXR data demonstrate

marked differences. For example, when comparing the location of fringe maxima in the low-g
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portion of the data, the horizontal (Figure 5b inset) and vertical (Figure 5c inset) samples show
clear offsets between s-pol and p-pol data, whereas the fringe locations in the s-pol and p-pol data
from the isotropic sample (Figure 5a inset) are almost overlapping. These shifts in fringe location
with polarization are due to orientation-induced J-birefringence, consistent with net orientation in
the horizontal and vertical films. In addition to the differences observed in the low-q data between
each sample, there is a notable discrepancy in the high-g data of the vertical sample (Figure 5c);
rather than exhibiting a Brewster’s angle minimum near ¢ =~ 0.2 A”!, the p-pol data exhibits a weak
local maximum and the s-pol data has a local minimum (similar anomalous high-q behavior is also
seen in the 283.9 eV and 285.7 eV data from the vertical sample, supporting information Figures
S16, S18). Previous characterization of vertical posaconazole films has revealed the presence of
smectic-like ordering that causes a diffraction peak at . ~ 0.2 A™! in grazing incidence X-ray
diffraction (GIXD) measurements.’ We attribute the unusual high-g behavior in the vertical
sample p-RSoXR data to diffraction effects. This attribution is supported by qualitative agreement
between the data and a simple multi-layer model in the supporting information (Figure S19).
Because quantitative modeling of these diffraction effects is beyond the scope of this work, we
exclude the data in the shaded region of Figure 5c¢ during fitting. Excluding high-g data reduces
our sensitivity to the structural details of thin oriented layers, such as the surface layers in the

isotropic sample (Figure 4d), but it should not significantly impact the results for the bulk layer.
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Figure 5: (a-c) p-RSoXR data collected from the (a) isotropic, (b) horizontal, and (c) vertical
posaconazole single-layer films using 284.7 eV X-rays. In each plot, blue circles and curves
correspond to s-pol data and fits, respectively, and the orange circles and curves correspond to the
p-pol data and fits. The insets in (a-c) highlight the low-q portion of the p-RSoXR data. (d-f) depth
profiles of the J-birefringence values extracted from the fitted p-RSoXR data in (a-c), where (d)
corresponds to the isotropic sample, (e) is from the horizontal sample, and (f) corresponds to the
vertical sample. The insets in (d-f) highlight the free surface.
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The model parameters extracted from the fits demonstrated in Figure 5a-c allow us to quantify
the depth-dependence of J-birefringence, as shown in Figure 5d-f. At a fixed energy, the sign of
o-birefringence indicates the direction of molecular orientation. For example, at 284.7 eV, a
positive J-birefringence indicates vertical orientation (see Figure 3d), whereas negative o-
birefringence indicates horizontal orientation. The magnitude of J-birefringence also trends
monotonically with the extent of orientation. Therefore, the J-birefringence depth profiles
provided in Figure 5d-f can be qualitatively interpreted as orientation profiles, where a value of
zero indicates random (isotropic) orientation, a positive value denotes vertical orientation, a
negative value indicates horizontal orientation, and the magnitude of each value indicates the
degree of tilt, i.e., larger positive values approach y = 0° (perfectly vertical), and larger negative
values approach y = 90° (perfectly horizontal). It is notable that the J-birefringence values for the
bulk layers in each of the depth profiles in Figure 5d-f indicate molecular orientations that are
consistent with the film orientations determined by VASE analysis (see supporting information,
Figure S2). The o-birefringence depth profiles for all three samples also indicate the presence of a
thin surface layer more vertical than the bulk. In the cases of the isotropic (Figure 5d) and vertical
(Figure 5f) samples, the surface layer orientation is vertical; however, the orientation of the surface
layer on the horizontal sample (Figure 5e) is nearly isotropic. This result suggests that the
molecules at the free surface of the horizontal film are frustrated between the horizontal bulk
orientation and the equilibrium vertical orientation?® prior to vitrification. The isotropic surface
layer indicated by the oJ-birefringence depth profile in Figure 5e explains the unexpected nearly
isotropic posaconazole orientation measured by NEXAFS analysis of the horizontal sample

(Supporting Information, Figure S3).

Quantification of molecular tilt
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Although J-birefringence provides a quantitative measurement of orientation, its conversion into
molecular tilt is not immediately obvious and it will vary depending on the material. Our approach
to quantifying tilt involves leveraging results from NEXAFS. We first check the consistency
between p-RSoXR and NEXAFS by comparing in Figure 6 the two components of the index of
refraction (f, J) measured by p-RSoXR with the same components derived from NEXAFS, all for
the vertical sample bulk . The NEXAFS-derived spectra in Figure 6 correspond to posaconazole
with an average tilt of y=32.9°, as vy is defined in Figure 2c. We expect the surface-sensitive
NEXAFS to be similar to the bulk layer from p-RSoXR due to the characteristics of the depth
profile in Figure 5f. In Figure 6a-b, we confirm that the § values from p-RSoXR are consistent
with those from NEXAFS. In Figure 6¢, however, we observe a systematic offset between o values
from p-RSoXR-and those from NEXAFS. This offset likely stems from error in the NEXAFS data
used to perform the KK-calculations. In particular, the NEXAFS post-edge intensity is subject to
systematic errors from both data acquisition (charging effects) and the assumptions used during
normalization. Because these errors are systematic, their effects are mitigated by taking the
difference of d-values (i.e., calculating J-birefringence), and in Figure 6d, we again confirm good

agreement between the J-birefringence from p-RSoXR-fitted and that from NEXAFS.
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Figure 6: (a) Comparison of the f-values determined from the variable incident-angle PEY-
NEXAFS and the fitted p-RSoXR data for the Tsub = 327 K sample. Blue curves and symbols
correspond to the in-plane absorption (fxx), and the orange curves and symbols correspond to the
out-of-plane (fzz) values. (b) the corresponding f-birefringence calculated from the data in (a). (c)
Comparison of the d-values determined from the variable incident-angle PEY-NEXAFS data
through the KK-relations and the fitted p-RSoXR data for the Tsub = 327 K sample. Blue curves
and symbols correspond to the in-plane absorption (dxx), and the orange curves and symbols
correspond to the out-of-plane (Jzz) values. (d) the corresponding J-birefringence calculated from
the data in (c).
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The quantitative consistency between p-RSoXR-fitted and NEXAFS-calculated o-birefringence
values in Figure 6d suggests that a framework can be developed for converting the J-birefringence
to meaningful and quantifiable molecular tilt values (y). We illustrate such a framework in Figure
7. In Figure 7a, the solid symbols correspond to the p-RSoXR-fitted o-birefringence values
extracted from the bulk layer of each posaconazole film analyzed in Figure 5, and each curve
corresponds to the expected d-birefringence for posaconazole with a specific y-value, as calculated
from the experimental NEXAFS spectra (see supporting information for calculation details). In all
three single-layer films, the p-RSoXR-fitted J-birefringence values at 283.9 eV and 284.7 eV align
with a NEXAFS-calculated curve to within 5°, providing reassuring self-consistency, particularly
as the relationship of J-birefringence to y is very different between these two energies. The
285.7 eV p-RSoXR data shows the same change in sign as the NEXAFS-calculated curves,
providing further self-consistency on the direction of orientation; however, the magnitude of the
o-birefringence values at 285.7 eV are inconsistent with the 283.9 eV and 284.7 eV data. We
attribute this discrepancy to a lower sensitivity to orientation at 285.7 eV (i.e., large changes in tilt
result in smaller changes in J-birefringence), as well as potential error in the fitted o~values due to
the coupling of the fitted Sand Svalues when 8/8 becomes large*®. With this in mind, we interpret
the bulk molecular tilt in the single-layer posaconazole films as the midpoint between the values

from the 283.9 eV and 284.7 eV fit data and assume an uncertainty of y = +/- 2.5°.
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Figure 7: (a) Determination of molecular tilt y from p-RSoXR analysis. The symbols correspond
to the bulk J-birefringence values extracted from fitting the p-RSoXR data of the isotropic (purple
circles), horizontal (blue triangles), and vertical (red squares) posaconazole single-layer films. The
curves represent isoclines of molecular tilt in 5° y increments. The labeled curves, representing
molecular tilts near the p-RSoXR fit values, are solid to guide the eye. (b) Comparison of the p-
RSoXR-derived order parameter values (colored markers) with IR-derived results from ref 18
(grey diamonds). The error bars on the p-RSoXR-derived values correspond to +/- 2.5%in y.
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To test the accuracy of the molecular tilt values extracted from p-RSoXR, we calculate the

orientational order parameter'®, S, using Equation 2:

S, = %(3 < cos?y > —1) (2)
where <> indicates the average over the orientation distribution function. In Figure 7b, we plot the
p-RSoXR-derived S:-values from the bulk along with the values reported by Gémez et al, which
were determined using infrared (IR) spectroscopy'®. We see excellent agreement between the two
data sets. Interestingly, although the resonant interactions are vastly different between the two
techniques, the tilt angle used to calculate S: in both cases is related to the orientation of the core
phenyl groups: we define y based on the n* plane from the core phenyl groups (Figure 2) in this
work, and in the work of Gomez et al, the tilt angle was based on the in-plane bending of the C—H
bonds of the core phenyl groups. Thus, although soft X-ray interaction physics are different than
those of the IR probe, we can unambiguously quantify the same molecular tilt. Furthermore, the
orders of magnitude shorter wavelength and reflectivity geometry of p-RSoXR allows us to
achieve nanometer-scale orientation depth resolution.

The analysis of p-RSoXR data from the posaconazole single-layer films in Figure 4 through
Figure 7 clearly demonstrates that the technique is sensitive to both bulk and surface orientation,
and that combining information from NEXAFS and p-RSoXR can yield quantitative molecular tilt
values for the bulk layer. At present, we only describe the surface layer orientation qualitatively:
we can describe the tilt direction (horizontal or vertical) and if it is more or less oriented than the
bulk tilt of that sample. Despite this remaining ambiguity, quantitative spatial correlations to
simulated interface structures are nevertheless enabled by p-RSoXR, providing insight beyond

bulk versus surface orientation studies. Depth profiles can also be valuable when interpreting the

surface orientation from variable incident-angle NEXAFS. For example, if the oriented layer is
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only ~(1 to 2) nm, as it is in most of our films, and the effective electron mean free path of the
NEXAFS PEY is = 1.5 nm, as it was at our PEY collection conditions (see Methods),*’ the tilt
extracted from NEXAFS would be skewed toward the bulk value, as =36 % NEXAFS signal

would originate from molecules deeper than 1.5 nm.

Analyzing orientation in multilayer stacks

The power of p-RSoXR to measure orientation depth profiles extends beyond our results for
single-layer films. Functional nanostructured thin films are rarely used as single layers; multilayer
stacks are much more common. Multilayer stacks evoke additional structural questions related to
the extent of intermixing between vertically adjacent layers. Previous study has explored the use
of sequentially deposited multilayer stacks in stable glasses to characterize diffusion.’® Intermixing
between layers of hydrogenated and deuterated versions of the same molecule were studied by
NR, with results that provided early evidence that enhanced mobility within a few nanometers of
the free surface was a key criterion for the formation of oriented stable glasses.® We now apply
the p-RSoXR technique to study an orientationally distinct bilayer stack.

We created the bilayer stack by sequential deposition of posaconazole, first at Tsus = 327 K, and
then at Tsub = 290 K. The first deposition is expected to produce vertically oriented posaconazole,
and the second deposition is expected to produce horizontally oriented posaconazole. We note that
the temperature of the substrate during the second deposition is lower than that of the first
deposition, so the bottom layer orientation should not be affected by the sequential thermal
processing. In Figure 8 we show the resonant (284.7 eV) data, best-fit profiles, and corresponding
orientation depth profile of this bilayer sample. Because the chemical composition within the two

layers of the film are identical, the non-resonant data is well fit using an isotropic single layer
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model (supporting information, Figure S21). However, the resonant reflectivity data shown in
Figure 8a clearly indicate the presence of a more complex structure. Both polarizations show
modulations in the reflected intensity at approximately every other fringe, with the modulation
being particularly prominent in the p-pol data. This is a classic signature of bilayer reflectivity
where both layers have similar film thickness. We emphasize that this behavior is due solely to
changes in the refractive index induced by orientation; the top layer and bottom layer are
chemically identical and were indistinguishable in the non-resonant (250 eV) p-RSoXR data. The
presence of bilayer fringe modulations indicates that we are sensitive to the structure
(broadness/roughness) of the internal orientation interface, which to our knowledge has never been
measured before. We can extract the characteristics of this buried interface by fitting the p-RSoXR
data using the same methodology developed for the single-layer films. The best fit required three
layers to represent the posaconazole film: two ~ 20 nm bulk layers and a = 2.5 nm surface layer
(see supporting information Table S8). The J-birefringence values determined for the two bulk
layers (Figure 8b) are in near quantitative agreement with the values determined for the single-
layer films deposited at each of the employed deposition conditions (Figure 5), proving that the
bulk orientation of the bottom layer is not disturbed or otherwise altered by the deposition of the
top layer, and that the vertical bottom layer does not orientationally ‘template’ or otherwise affect
the orientation of the horizontal top layer. Also, the diffraction feature at high-¢g values caused by
the smectic-like order of the vertical layer is once again observed, indicating that the translational

ordering is also not affected by the sequential deposition.
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Figure 8: (a) p-RSoXR data collected from the orientation-bilayer posaconazole film using 284.7
eV X-rays. Blue circles and curves correspond to s-pol data and fits, respectively, and the orange
circles and curves correspond to the p-pol data and fits. The s- and p-polarized data were fit
simultaneously using three distinct layers and adjusting the layer thicknesses, their uniaxial
dielectric tensors, and their interfacial width to model the posaconazole film. The inset highlights
the low-q portion of the p-RSoXR data. (b) depth profile of the J-birefringence values extracted
from the fitted p-RSoXR data in (a). The colored horizontal lines indicate the expected -
birefringence values for different y values in 5° increments (as shown in Figure 7) at 284.7 eV.

Even though the bulk layer orientations appear unaffected by the formation of the bilayer stack,

new behavior may be occurring at the buried interface. For our fitting process, we observe that it
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is not necessary to include a thin, highly vertically oriented surface layer atop the vertical bottom
layer in the bilayer stack, as one might expect from the single-layer film results (Figure 5f). Instead,
we can model interface as a smooth transition in orientation, with an interfacial broadness of
~ 2.8 nm, somewhat larger than the free surface broadness (roughness) of = 1.7 nm. We speculate
that during the deposition of the top layer, the surface layer of the bottom film may reorient to
adopt a tilt more like the bulk of the vertical film, or that it may adopt an orientation that is
transitional between the bottom and the top layer. Local rearrangement of the surface layer of the
bottom film during top layer deposition would be consistent with NR observations of enhanced
mobility,’® with the p-RSoXR results providing added insight into the orientational consequences
of mixing in these mobile layers. In principle, by selecting appropriate measurement energies, p-
RSoXR could be used to characterize both chemical composition and molecular orientation at the
buried interfaces of multilayer stack films, which could provide unprecedented insight to the
interfacial properties of multilayer film architectures, such as those used in OLED devices.

In addition to probing molecular orientation at the interface between bulk layers of a multilayer
stack, p-RSoXR shows potential for being able to extract submolecular orientation details from
smectic-like layered phases. To achieve even qualitative agreement with the high-g data shown in
Figure 5c, our multi-layer model employed in the supporting information (Figure S19) required
that the alternating layers have different levels of o-birefringence, i.e., the diffraction effects in
Figure 5c¢ could not be reproduced by simple density fluctuations due to the regular packing of
posaconazole molecules. The high-q behavior seen in Figure 5c and Figure 8a therefore requires
the presence of an orientational Bragg structure in the smectic-like layering of the vertical
posaconazole film. Because the 6 and d-birefringence values at 284.7 eV are affected by the 1s —

n* transitions from multiple different carbon centers (see Figure 1a), we speculate that this
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orientational Bragg structure is formed by alternating regions composed of the highly vertically-
oriented rod-like core of posaconazole and the less oriented “floppy” end groups. If this capability
to probe submolecular orientation proves general, it would enable previously inaccessible insights
into the nanostructure of organic thin films.
Conclusions

Our framework for p-RSoXR measurements, where insights from variable incident-angle
NEXAFS inform the quantitative interpretation of p-RSoXR-fitted oJ-birefringence values, has
revealed unprecedented details about molecular orientation in posaconazole glass films. New
aspects to the nanostructure of this fascinating system are revealed, including the thickness of a
highly oriented surface layer, orientational fluctuations within smectic-like ordered structures, and
possible reorientation of highly mobile molecules at the buried interface of a bilayer stack. The
capabilities of p-RSoXS enable several new avenues for studying stable glasses in the future, such
as the possibility of bilayer thermal mixing experiments with orientation (rather than deuteration)
contrast, or the exploration of vertical depth profiles of the extent of smectic-like order, to reveal
its origins. This new measurement tool with high vertical resolution and a sensitivity to both
composition and bond- or moiety-level orientation holds promise for great impact on the
understanding of organic thin films that exhibit orientational or compositional heterogeneity, such

as self-assembled materials, materials for energy storage, and organic electronics materials.
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