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Abstract Highly ordered liquid crystalline (LC) phases have important potential for organic 13 
electronics. We studied the molecular alignment and domain structure in a columnar LC thin 14 
film with nanometer resolution during in situ heating using four-dimensional scanning 15 
transmission electron microscopy (4D STEM). The initial disordered vapor-deposited LC 16 
glass thin film rapidly ordered at its glass transition temperature into a hexagonal columnar 17 
phase, with small (< 10 nm), well-aligned, planar domains (columns oriented parallel to the 18 
surface). Upon further heating, the domains coarsen via bulk diffusion, then the film 19 
crystallizes, then finally transforms back to a LC phase at even higher temperature. The LC 20 
phase at high temperature shows remarkably straight columns of molecules, which we 21 
attribute to structure inherited from the intermediate crystalline phase. Nanoscale 4D STEM 22 
offers unique insight into the mechanisms of domain reorganization, and intermediate 23 
crystallization is a potential approach to manipulate orientational order and texture at the nano- 24 
to mesoscale in LC thin films.  25 
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Introduction 28 

Liquid crystalline (LC) materials have been widely engineered for organic semiconductor devices. 29 
Anisotropic structures in LC lead to unique anisotropic electronic and optoelectronic properties1–4. The 30 
charge mobility in the columnar phase of a discotic LC is typically a few orders of magnitude higher along 31 
the column direction than that normal to the column5. Homogeneous or heterogeneous interfaces in organic 32 
semiconductors can also significantly influence charge transport behavior6,7. On a broader device level, the 33 
performance of organic electronics and photonics relies on careful engineering of the microstructure. 34 
Extensive efforts have been made to manipulate patterned topological defects8 or alignment9,10. Controlling 35 
both the nanoscale orientational order and the microstructural texture is critical for various applications11–36 
14, but direct measurement of orientational order, especially at the nanoscale, has been difficult. 37 

LC phases have been found to undergo glass transitions15–17 and physical vapor deposition (PVD) can be 38 
used to synthesize glassy LC thin films with controllable structural order18. Previous research has shown 39 
that by varying deposition conditions, thin films of phenanthro[1,2,3,4-ghi]perylene-1,6,7,12,13,16-40 
hexacarboxylic 6,7,12,13-tetraethyl, 1,16-dimethyl ester (hereafter called phenanthroperylene-ester) can be 41 
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obtained with either homeotropic alignment, in which the disc-like molecules are parallel to the substrate, 42 
or planar alignment, in which the discs are perpendicular to the substrate19. Independent of alignment, 43 
molecules organize into a hexagonal columnar phase via π-π stacking. Which alignment forms depends on 44 
whether the system has sufficient surface mobility and surface residence time during deposition to find a 45 
low enthalpy structure20 resulting from the lower interface energy at the free surface of planar orientation 46 
compared to homeotropic21. The surface mobility mechanism was tested by four-dimensional scanning 47 
transmission electron microscopy (4D STEM) measurement of the nanoscale domain sizes, which were 48 
connected quantitatively to the surface diffusivities for films grown at different substrate temperatures22. 49 
The alignment in discotic LC reacts to external stimuli23, and since it is thermotropic, the alignment in vapor 50 
deposited thin films can be further manipulated through thermal annealing24. 51 

Here we use in situ 4D STEM experiments to study the evolution of microstructure in a discotic LC with 52 
unprecedented, nanometer resolution. Starting with a glassy phenanthroperylene-ester film, we investigate 53 
the changes in local orientational order that occur during continuous heating. 4D STEM can be used to 54 
probe localized structural order in non-crystalline materials25,26. Low-dose 4D STEM with an ultrafast 55 
detector27 is an excellent method to probe nano- and mesoscale structural order in beam-sensitive 56 
materials28–30. Upon heating, we find that initially disordered phenanthroperylene-ester films develop planar 57 
alignment near the glass transition temperature (392 K), with hexagonal LC domains quickly extending 58 
through the thickness of the film. With further heating, domains grow laterally and then start to crystallize. 59 
Finally, the partially crystallized film melts to an LC phase that exhibits much straighter intradomain texture 60 
than the lower temperature LC structure. We propose a mechanism for domain coarsening based on bulk 61 
diffusion, which stands in contrast to dominance of surface diffusion on domains during film growth. 62 

Results and Discussion 63 

The phenanthroperylene-ester films exhibit three basic types of diffraction patterns as a function of 64 
temperature. At room temperature and from 360 K to 380 K, the diffraction patterns exhibit amorphous 65 
diffraction in complete, isotropic rings, as shown in Fig. 1a. This suggests the film is in a glassy state with 66 
disordered molecular alignment, as expected from the deposition conditions. Starting at 395 K, the rings 67 
transform into a pair of opposing arcs at k = 0.28 Å-1 and particular azimuthal angles, as shown in Fig. 1b. 68 
The arcs correspond to the direction of π-π stacking along the columns in the columnar LC phase. By 460 69 
K, the arcs have transitioned into diffraction spots characteristic of crystalline phenanthroperylene-ester in 70 
a fraction of diffraction patterns, as shown in Fig. 1c. 71 

Figure 1d shows orientation maps of the π-π stacking directions in phenanthroperylene-ester thin films on 72 
continuous heating from 395 K to 480 K. Mapping results from additional experiments on different regions 73 
are shown in Fig. S3. Starting from the emergence of π-π diffraction arc at 395 K, the orientation domains 74 
grow laterally with increasing temperature. The microstructure of orientation shows typical planar LC 75 
texture from 400 K to 425 K, similar to as-deposited PVD films grown at 370 K to 392 K22. Starting from 76 
430 K, large orientation domains with uniform intradomain orientation start to form. Those domains occupy 77 
the entire field of view at 450 K and above. These large domains show sharp transitions of column 78 
orientation from one domain to another, unlike the gradual change of orientations in the smaller domains at 79 
lower temperatures. Sharp spot diffraction patterns like Fig. 1c are detected in some but not all of these 80 
larger domains at temperatures down to 430 K. 81 
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 82 

Figure 1. Example diffraction patterns of (a) disordered glass at 360 K, (b) planar LC at 400 K, and (c) 83 
crystal at 460 K for phenanthroperylene-ester thin film. (d) Orientation maps of the thin film during with 84 
continuous heating from 395 K to 480 K with a heating rate of 1 K/min. Displayed patterns in (a-c) are 85 
binned in space by 4 to decrease noise and enhance the diffraction features. Scale bars in (a-c) are 0.5 Å-1. 86 
Maps in (d) are acquired from different regions at each temperature. 87 

The lateral domain size can be estimated from the orientation correlation function22,30 calculated from the 88 
orientation maps as a function of spatial distance Δ𝑟𝑟 and misorientation angle Δ𝜙𝜙: 89 

𝐶𝐶(Δ𝑟𝑟,Δ𝜙𝜙) =
〈𝐼𝐼(𝑟𝑟,𝜙𝜙)𝐼𝐼(𝑟𝑟 + Δ𝑟𝑟,𝜙𝜙 + Δ𝜙𝜙)〉𝑟𝑟,𝜙𝜙

〈𝐼𝐼(𝑟𝑟,𝜙𝜙)〉𝑟𝑟,𝜙𝜙
2 . (1) 

𝐶𝐶(Δ𝑟𝑟,Δ𝜙𝜙)’s calculated from orientation maps in Fig. 1d are shown in Fig. S4. 𝐶𝐶 = 1 corresponds to 90 
randomly distributed Δ𝑟𝑟 and Δ𝜙𝜙. Therefore, 𝐶𝐶 > 1 near the origin represents strong intradomain ordering. 91 
As LC diffraction arcs appear at 395 K, 𝐶𝐶(Δ𝑟𝑟,Δ𝜙𝜙) does not show significant ordering until 400 K. This is 92 
because the orientation domains are too small at 395 K to create any correlation. Above 440 K, the domains 93 
become too large to capture their statistics inside one field of view, creating non-random correlation at large 94 
distance and misorientation. The distance at which orientation correlation function 𝐶𝐶(Δ𝑟𝑟,Δ𝜙𝜙 = 1°) decays 95 
to 2 can be defined as a correlation length 𝜉𝜉 to approximate the domain size22, as illustrated in Fig. S5. 96 
Figure 2a shows the quantified lateral domain size from orientation maps acquired at different temperatures. 97 
Similar to the qualitative observation from Fig. 1d, the domain size increases from ~ 10 nm at 400 K, just 98 
above spatial resolution of the measurement, to ~ 60 nm at 430 K, before an abrupt increase to 500 ~ 1000 99 
nm between 430 K and 440 K. The domain size is constant within experimental uncertainty at 440 K and 100 
above. This abrupt increase is evidently a direct result of the emergence of large domains with uniform 101 
orientation.  102 
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 103 

Figure 2. (a) Lateral domain size from orientation correlation functions as a function of temperature. Error 104 
bars from 400 K to 440 K are standard deviation of domain size calculations from four subdivisions of the 105 
field of view at each temperature. The domain size is too large above 440 K for subdivision, so the error 106 
bars are set to the average fractional error of the lower temperature data. (b) Average fitted π-π peak and 107 
background intensities of the azimuthal diffraction profiles at different temperatures. (c) Scheme of 108 
formation of oriented domains of hexagonal LC and their coarsening in the thin film during continuous 109 
heating. Gray molecules represent disordered glass and colored molecules represent planar-oriented 110 
hexagonal LC domains with different in-plane orientations. Molecules are not drawn to scale. 111 

At temperatures near Tg, the lateral domain sizes are smaller than the 40 nm film thickness. However, only 112 
one set of diffraction arcs is observed in each diffraction pattern, so only a single orientation domain exists 113 
throughout the thickness at a given probe position. This microstructure suggests two pathways for vertical, 114 
through-thickness domain growth: (1) a small planar nucleus forms near either the film-substrate or the 115 
film-vacuum interface and grows by consuming disordered regions with a vertical growth rate similar to 116 
the lateral growth rate; or (2) after formation of nucleus near either interface, the vertical growth happens 117 
at a high growth rate, such that the vertical domains fill the thickness faster than the experimental time scale, 118 
and the newly nucleated domains “instantly” extend throughout the film. In pathway (1), the background 119 
intensity, which primarily comes from diffuse scattering of the disordered glass state, would decrease with 120 
increasing π-π peak intensity, as the disordered alignment was consumed by the planar one. Figure 2b 121 
shows the measured average π-π peak intensities and background intensities as functions of temperatures. 122 
The background intensity stays constant with temperature, so pathway (2) is most likely correct. Elongated 123 
domains that span the thickness are observed at 395 K as soon as planar alignment develops. 124 

Figure 2c illustrates the scenario of planar domain formation and coarsening. The as-prepared film consists 125 
of non-hexagonal packing of π-π stacked columns with random in-plane orientation, creating the diffuse 126 
isotropic diffraction pattern seen in Fig. 1a. The molecules are close to planar alignment as evidenced by a 127 
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moderately high birefringence determined from deposition rate-temperature superposition19. At the glass 128 
transition temperature, the molecules obtain higher mobility. Planar alignment is favorable at the surface, 129 
enabling anchoring transition to planar alignment, and then the planar domains quickly grow downward. 130 
This growth occurs at velocity on the order of microns per minute31, so they cross the 40 nm thickness in a 131 
few seconds. At the heating rate of 1 K/min and 5 minutes between observations, we immediately observe 132 
planar domains at the first acquisition above the glass transition temperature.  133 

The lateral coarsening of orientation domains happens at a much slower rate through bulk diffusion to 134 
minimize the interface energy. The domain size can be approximated by the Brownian diffusion length of 135 
the molecules during continuous heating: 136 

𝑅𝑅 = �4�𝐷𝐷(𝑇𝑇)𝑑𝑑𝑑𝑑, (2) 

where 𝐷𝐷(𝑇𝑇) is the temperature dependent diffusivity. For a supercooled liquid, the diffusivity follows the 137 
Vogel-Fulcher-Tammann equation32, 138 

𝐷𝐷(𝑇𝑇) = 𝐷𝐷0exp �−
𝐷𝐷𝑇𝑇𝑇𝑇0

𝑇𝑇(𝑡𝑡) − 𝑇𝑇0
�, (3) 

where 𝐷𝐷0 is high temperature diffusivity, 𝐷𝐷𝑇𝑇 is the fragility and 𝑇𝑇0 is the VFT temperature. Knowing the 139 
heating profile 𝑇𝑇(𝑡𝑡), we can fit Eqn. 2 and 3 to the experimentally acquired domain size. The model is only 140 
fitted to the size of the LC domains measured from 400 K to 425 K. The fitting results are shown in Fig. 141 
3a, with fitting parameters 𝐷𝐷𝑇𝑇 = 2.67 ± 0.5, 𝑇𝑇0 = 328 ± 60 K and 𝐷𝐷0 = 5.5 ±  5.0 × 103 nm2s-1. 𝐷𝐷0 has 142 
large uncertainty due to limited temperature range of experimental data. The relaxation time can be 143 
estimated from D using the Debye-Stokes-Einstein relation33, 𝜏𝜏 = 𝑟𝑟𝑟𝑟/6𝐷𝐷, where 𝑟𝑟 = 0.75 nm is the radius 144 
of a phenanthroperylene-ester molecule, and 𝑎𝑎 is the thickness approximated by the π-π distance. Fig. 3b 145 
plots the inferred 𝜏𝜏(𝑇𝑇)  with estimated error, along with 𝜏𝜏(𝑇𝑇)  for three different relaxation modes of 146 
phenanthroperylene-ester from other experiments: the bulk 𝛼𝛼-relaxation 𝜏𝜏𝛼𝛼, the bulk relaxation related to 147 
molecular tumbling 𝜏𝜏𝛿𝛿 34, and the surface 𝛼𝛼-relaxation 𝜏𝜏𝑠𝑠 19. 𝜏𝜏𝛼𝛼 and 𝜏𝜏𝛿𝛿 are fitted with VFT equation, and 𝜏𝜏𝑠𝑠 148 
is fitted with an Arrhenius function due to the data’s lack of curvature. All fitted lines are extrapolated up 149 
to 10 K above and below the measurement temperature ranges. The 𝜏𝜏 governing domain coarsening agrees 150 
very well with 𝜏𝜏𝛼𝛼 in the temperature range of measurements, while the extrapolated 𝜏𝜏𝑠𝑠 and 𝜏𝜏𝛿𝛿 would differ 151 
from the domain coarsening 𝜏𝜏 by orders of magntidue.  VFT fitting parameters for 𝜏𝜏𝛼𝛼 are 𝐷𝐷𝑇𝑇 = 2.01 ± 0.3 152 
and 𝑇𝑇0 = 329 ± 6 K, which are within the uncertainty of the same parameters for the domain coarsening 153 
𝜏𝜏 . with domain size data in this work. This suggests that the slow coarsening of orientation domain is 154 
controlled by bulk mass transport process. This result stands in contrast to the lateral size of domains formed 155 
during film deposition at elevated substrate temperature, which depends on 𝜏𝜏𝑠𝑠22. 156 
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Figure 3. (a) Domain sizes versus temperature from 400 K to 425 K with best fit of a diffusion-based model. 158 
Error bars are the same as Fig. 2a. (b) Relaxation times and their temperature dependencies for the bulk 𝛼𝛼- 159 
and 𝛿𝛿-relaxation and the surface 𝛼𝛼-relaxation, overlayed with estimated relaxation time vs. temperature 160 
from the domain sizes measurement. Data and errors are replotted from [33] and [19]. 161 

The sudden increase of orientation domain size at 430 K and above is accompanied by partial crystallization. 162 
As shown in Fig. 1c, sharp crystalline diffraction spots are observed in some regions in the larger domains 163 
at and above 430 K. Fig. 4a-c shows more examples of such diffraction patterns. While the crystal structure 164 
of crystalline phenanthroperylene-ester has not been comprehensively determined, crystalline diffraction 165 
spots are observed in 4D STEM at the same wavevectors as the crystalline peaks in X-ray diffraction 166 
experiments on bulk phenanthroperylene-ester crystals. Fig. 4d shows the XRD profiles of a 167 
phenanthroperylene-ester glass undergoing crystallization during heating. The liquid crystalline sample 168 
crystallized above 402 K. The π-π peak of the LC vanishes and is replaced by a sharper crystalline 169 
diffraction peak at higher k. The same effect can be observed in the in situ 4D STEM data for PVD thin 170 
film, as shown in Fig. 4e. Diffraction spots at k = 0.214 and 0.152 Å-1 as labeled in Fig. 4a-c also have 171 
corresponding peaks in the powder XRD profile of the crystal in Fig. 4d. Therefore, the patterns in Fig. 4a-172 
c can be attributed to molecular crystals with different orientations with respect to the electron beam. 173 
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Figure 4. (a-c) Example crystalline diffraction patterns in the 4D STEM datasets at temperatures above 430 175 
K. Scale bars are 0.5 Å-1, and labels are the length of the wavevectors to the corresponding spots in Å-1. (d) 176 
XRD profiles at different temperatures for a phenanthroperylene-ester sample that crystallizes during 177 
heating. Dark arrow indicates crystalline peak at 402 K and above. (e) Azimuthally averaged diffraction 178 
intensity profiles of the 4D STEM data between 395 K to 425 K and 430 to 470 K. 179 

Fig. 5a shows the area fraction of the LC phase and the crystal phase in each scan region at all temperatures 180 
measured, derived by classifying the diffraction patterns into sets of arcs or spots. The film partially 181 
crystallized starting from 430 K. Interestingly, the area fraction of crystals peaked at 450 K at ~ 50% before 182 
decreasing and almost completely vanishing at 480 K, suggesting the crystals melt and transform to LC 183 
again at higher temperature. This phenomenon is further confirmed by the average electron diffraction 184 
intensity profiles shown in Fig. 5b. Below 400 K, a broad amorphous peak is observed at 0.285 Å-1 marked 185 
by the gray arrow, corresponding to the mean aromatic core distance at ~ 3.5 Å, and the film is glassy. From 186 
400 K to 425 K, a moderately narrower π-π peak develops as indicated by the blue arrow, with its peak 187 
position shifting to 0.288 Å-1, due to increase of ordering and density during the transition from the glass 188 
to the non-glassy LC. At 430 K, a sharp crystalline (001) peak is seen at 0.292 Å-1 (red arrow) along with a 189 
weaker peak at 0.214 Å-1 (orange arrow) attributed to the side chains35. The partially crystallized film melts 190 
above 460 K as these two crystalline peaks attenuate and vanish at 480 K. The intensity profile at 480 K is 191 
similar to the LC diffraction at 400 K to 425 K. Differential scanning calorimetry (DSC) measurements on 192 
bulk phenanthroperylene-ester reported similar phase behavior during heating34, with a crystallization onset 193 
temperature near 440 K and a melting temperature near 480 K. The lower crystallization and melting 194 
temperatures observed in this work compared to bulk DSC measurements could be a result of a combination 195 
of the Gibbs-Thompson confinement effect and a 5% temperature uncertainty in the in situ heating stage. 196 
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 197 

Figure 5. (a) Area fractions of LC and crystalline regions in the field of view as a function of temperature. 198 
Blue points are measurements from diffraction pattern classification. (b) Average radial electron diffraction 199 
intensity profile of the 4D STEM data at each temperature. Colored arrows are described in the main text. 200 
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 201 

Figure 6. Flowline maps of column orientation at (a) 420 K and (b) 480 K. (c) Intradomain curvature of 202 
molecular columns at different temperatures. Inset in (c) shows the orientation correlation function at 425 203 
K, and dashed line indicates random correlation band, the slope of which represents the column curvature. 204 

Although the average diffraction (and therefore structure) is similar between the low temperature (400 K to 205 
425 K) and high temperature (above 480 K) LCs, their microtextures are different. Fig. 6a and 6b show 206 
flowline maps30 of the column orientation measured at 420 K and 480 K, respectively. The lines in these 207 
maps are orientated along the direction of continuously π-π stacked molecular columns, while the positions 208 
and density of the lines do not quantitatively represent the intermolecular spacings. For the low temperature 209 
LC at 420 K, the molecular columns are curved, and the field exhibits notable LC defects like disclinations36. 210 
In contrast, the high temperature LC at 480 K has straight molecular columns and sharp orientation 211 
transitions between domains. The curvature of molecular columns inside each orientation domain can be 212 
quantified by the slope of random correlation band in the orientation correlation function30, as illustrated in 213 
the inset in Fig. 6c. Fig. 6c shows the estimated column curvature at each temperature. At and below 425 214 
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K, molecular columns have curvatures ranging from 0.8 ~ 1.0 degree per nm, with small, random variation 215 
with temperature. Starting from 430 K, which is the crystallization onset temperature, the column curvature 216 
nearly vanishes, and it stays extremely small even after the transition back to the LC phase at 460 K. At 217 
480 K, even though the film is in LC phase, the molecular column stays uniform within each orientation 218 
domain. While LC phases tend to bend molecular columns to minimize interfaces37, the high temperature 219 
LCs observed here seem to inherit their mesoscale structures from the molecular arrangement of crystals at 220 
lower temperature, therefore retaining their crystal-like molecular columns and orientation domains that 221 
reflect crystalline grains. 222 

The planar domain texture observed in the high temperature LC in this work is unlike any previously 223 
reported as-prepared columnar LC thin films in planar alignment, either via spin-coating38, PVD 224 
deposition39, or cooling from the isotropic liquid22. In particular, in our previous work on 225 
phenanthroperylene-ester22, we studied a film that start in disordered glassy state, then was heated rapidly 226 
(150 K/min) into the LC state at 457 K, then cooled to room temperature at 2.5 K/min. The orientation 227 
correlation function data form this film (Fig 3d in Ref. 22) shows a similar domain size to what we observe 228 
here starting at 450 K, but the curvature is 0.35 degrees / nm. That is less than we observe in the LC state 229 
derived from the glass (below 425 K), but significantly larger than the LC phase derived from the crystal 230 
above 460 K. While macroscopically uniform homeotropic thin films have been obtained up to millimeters 231 
in size40,41, planar orientation is always accompanied by bending of columns or defects, at least on the 232 
macroscopic length scale. The results from this work suggest that LC domains obtained from heating up a 233 
glassy thin film that crystallized midway retain the highly uniform crystal-like orientation over the scale of 234 
the crystal’s grain size, and this organization likely can solidify upon cooling through glass transition22. 235 
This result points to a potential new approach of fabrication and processing of LC thin films to obtain 236 
uniform orientation at larger length scales through an intermediate single crystal, although significant 237 
additional work to control the nucleation density and size of the intermediate crystals would be required to 238 
obtain large domains. 239 

Conclusion 240 

In summary, we have characterized with nanometer resolution the planar realignment and domain growth 241 
of an initially disordered columnar liquid crystal using in-situ 4D STEM. When heated above the glass 242 
transition temperature, roughly 6 nm planar domains of the phenanthroperylene-ester film grew quickly 243 
through the film thickness, followed by lateral growth at a much slower rate. Using a Brownian diffusion 244 
model, the lateral domain growth is determined to be controlled by bulk diffusion with VFT diffusivity 245 
temperature dependence. The film went through a complex phase behavior of partial crystallization and 246 
melting upon further heating. We observed a columnar LC phase at the highest temperature with a distinct 247 
intradomain microstructure comprised of unusually straight columns of molecules separated by sharp 248 
boundaries. This behavior may suggest a processing path to highly oriented columnar LCs using a crystal 249 
phase as an intermediate step, which could have significant implication in fabrication of nanostructured 250 
LCs used in semiconductor devices. 4D STEM measurement provides nanometer scale ordering 251 
information that offers great opportunity to further our understanding of reorientation and domain 252 
reorganization mechanisms. 253 

Methods 254 

Sample preparation 255 

Phenanthroperylene-ester glasses were deposited onto TEM heating chips (DENS Wildfire) with a thin 256 
electron transparent SiNx membrane. Fresh nano-chips were cleaned with acetone before deposition. Then 257 
the nano-chip was affixed to one side of a galvanized iron plate using magnets. Subsequently, thermal paste 258 
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(Apiezon H) was smeared between the opposite side of the galvanized iron plate and copper blocks that 259 
were maintained at the desired substrate temperature using a LakeShore 336 PID controller, resistive 260 
cartridge heaters, and platinum resistive temperature detectors. Deposition is performed in a high vacuum 261 
chamber with a base pressure of 10-7 Torr. 40 nm phenanthroperylene-ester films were deposited at a 262 
deposition rate of 0.6 ± 0.1 Å/s, monitored with a quartz crystal microbalance (QCM), and a substrate 263 
temperature of 340 K. The film thickness was confirmed by its elastic electron transmittance. Based on 264 
prior work19, this set of conditions produces non-hexagonal random packing of π-π stacking columns, with 265 
a distribution of molecular orientations close to planar alignment. 266 

In situ 4D STEM measurements 267 

The experiments are performed at 200 kV in a FEI Titan G2 microscope operated in micro-probe EFSTEM 268 
mode. The probe convergence angle was 0.7 mrad, with a 10 µm C2 aperture, generating a probe current 269 
of 4.3 pA. Data is collected using a Direct Electron Celeritas detector with a 256 by 256 readout area. A 270 
camera length of 1700 mm is used making the detector pixel size 0.00475 Å-1. The 4D STEM orientation 271 
mapping method and data analysis are described in 22. 272 

The sample was loaded into a heating holder (DENS Wildfire) and heated to 360 K before start of 273 
acquisition. The sample temperature was ramped up at a heating rate of 1 K/ min from 360 K to 480 K. The 274 
film starts to evaporate inside the microscope vacuum at temperatures higher than 480 K. The absolute 275 
value of sample temperature has an error of up to 5% due to instrument uncertainty. To accommodate 276 
different domain sizes at different temperatures, 4D STEM data were acquired every 5 K from 360 K to 277 
425 K using a 498 by 498 nm scan field of view and then every 10 K from 430 K to 480 K using a 2.79 by 278 
2.79 µm field of view. Scanning array sizes are 240 by 240 pixels and 640 by 640 pixels respectively. All 279 
data were acquired at a readout rate of 4000 frames. Acquisitions take 14.4 seconds at lower temperatures 280 
and 102.4 seconds at higher temperatures. At a heating rate of 1 K/min, these acquisitions can be viewed as 281 
measurements of the quasistatic mesoscale structure of the sample at the corresponding temperature. 282 
However, the samples were not necessarily in thermal equilibrium at each temperature. Due to the effects 283 
of beam damage as discussed in the Supplementary Information, a new region of the sample was imaged at 284 
every temperature. As a result, only changes in the distribution of domain sizes and related microstructure 285 
were measured, not the change in size of individual domains with time and temperature. 286 

X-ray scattering 287 

X-ray diffraction (XRD) experiments were conducted using a Bruker D8 Discover diffractometer on a bulk 288 
powder sample of glassy phenanthroperylene-ester. The glassy sample preparation procedure is detailed in 289 
35. Phenanthroperylene-ester powder was filled into an X-ray transmitting capillary tube, melted, vitrified, 290 
and then heated using an Instec mK2000 heating stage from room temperature up to 503 K. The sample in 291 
a capillary tube was illuminated perpendicularly, and the scattered x rays were measured in the transmission 292 
geometry. The area detector was placed off-center at 2θ = 20° and 20 cm from the sample to allow coverage 293 
of k (=2sin θ/λ) range from 0.048 to 0.334 Å-1. At each measurement temperature, the sample was 294 
equilibrated for 5 min and measured for 5 min. The two-dimensional x-ray scattering data were integrated 295 
using the software Datasqueeze to yield a one-dimensional intensity vs k plot. 296 
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Effect of electron beam damage 446 

We performed an initial set of experiments to identify conditions under which reliable data could be 447 
acquired considering the impact of beam damage. The effects of beam damage were studied by repeated 448 
acquisition on a single region of a sample with planar orientation domains at room temperature, as shown 449 
in Fig. S1. Mapping results from an area that has been exposed to 1210 e-/Å2 electron still display full 450 
information of the orientation, albeit at an increased level of noise compared to lower dose measurements. 451 
Mapping results from initial in situ experiments is shown in Fig. S2. At a low dose rate of 27 e-/Å2 per 452 
orientation map, no orientation domains are observed in the fixed field of view up to 450 K. At 460 K, the 453 
scanning region was moved to a different area. Large orientation domains can be seen in the previously 454 
unilluminated area, but no domains are seen in the previously illuminated area. The orientation maps stay 455 
unchanged at higher temperatures after the shift in field of view on the sample. 456 

These results demonstrate that even an electron dose that is 2% of the “survivable” dose for static 457 
orientation mapping is sufficient to prevent changes in orientation with temperature from developing. 458 
Static orientation mapping depends on the sum of all the scattering from pairs of atoms with distances 459 
close to the π-π stacking distance of ~3.5 Å. Thus, the peak in the scattering is relatively broad and robust 460 
against displacement of atoms by the beam. Thermal orientation ordering depends on the collective 461 
realignment of clusters of molecules, so we speculate that if single atoms are displaced by the electron 462 
beam, mesoscopic reordering will not occur. These results emphasize that different electron microscopy 463 
experiments probing different structural features come with different dose (and damage) thresholds, even 464 
for the same molecule. For this work, the a new, previously unexposed region of the sample is selected for 465 
4D STEM acquisition at every temperature. 466 

 467 

Supplementary Figure 1 Orientation maps from repeated 4D STEM acquisitions on the same region of a 468 
phenanthroperylene-ester deposited at 370 K. Information about the orientation domains is preserved up 469 
to the highest dose. 470 
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 471 

Supplementary Figure 2 “Orientation” maps of phenanthroperylene-ester thin film at four different 472 
temperatures acquired during continuous heating, acquired at a low dose of 27 e-/Å2 per map. From 380 K 473 
to 450 K, the same area is illuminated, resulting in no planar self-alignment and random measured 474 
“orientation”. Above 460 K, another nearby, partially overlapping area was studied. The red rectangle 475 
marks the top right corner of the previously illuminated region with no orientation domain, in sharp 476 
contrast to the domains formed in the adjacent region which was not previously illuminated. At 510 K and 477 
above, thin film evaporates in the microscope column, reflected by the degradation of the orientation map. 478 

 479 

 480 

Supplementary Figure 3 Orientation maps of the thin film during continuous heating from 395 K to 470 481 
K with a heating rate of 1 K/min. Maps are acquired from different regions at each temperature. 482 
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 483 

Supplementary Figure 4 Orientation correlation functions calculated from Fig. 1d at every temperature.  484 

 485 

 486 

Supplementary Figure 5 Orientation correlation functions 𝐶𝐶(Δ𝑟𝑟,Δ𝜙𝜙 = 1°) at 400 K and 420 K, 487 
illustrating estimation of domain size 𝜉𝜉. 488 


