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Abstract

The density, degree of molecular orientation, and molecular layering of vapor-deposited

stable glasses (SGs) vary with substrate temperatures (Tdep) below the glass transition temper-

ature (Tg). Density and orientation have been suggested as factors influencing the mechanical

properties of SGs. We perform nanoindentation on two molecules which only differ by a sin-

gle substituent, allowing one molecule to adopt in-plane orientation at low Tdep. The reduced

elastic modulus and hardness of both molecules show similar Tdep-dependence, with an en-

hancement of 15-20% in reduced modulus and 30-45% in hardness at Tdep ∼ 0.8Tg, where

the density of vapor-deposited films are enhanced by ∼1.4% compared to the liquid-quenched

glass. At Tdep < 0.8Tg, one of the molecules produces highly unstable glasses with in-plane

orientation. However, both systems show enhanced mechanics. Both modulus and hardness

correlate with the degree of layering, which is similar in both systems despite their variable

stability. We suggest that nanoindentation performed normal to the film’s surface is influenced

by the tighter packing of the molecules in this direction.
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Physical Vapor Deposition (PVD), under the right deposition conditions, can produce highly

stable glasses on laboratory timescales, that are analogous to glasses aged for hundreds or mil-

lions of years.1–5 In this process, the glass-former of interest is thermally deposited under vacuum

conditions onto a substrate held below the glass transition temperature (Tg), while both substrate

deposition temperature (Tdep) and the deposition rate (rdep)6 are controlled. Since their discovery,1

significant work has been devoted to exploring the unique properties of these stable glasses.5,7–11

Stable glasses (SGs) have lower enthalpy,1 higher density,5 and improved kinetic stability6 when

compared to ordinary (liquid-quenched) glasses.

Unlike most liquid-quenched glasses, vapor-deposited molecular glasses can show significant

structural and optical anisotropy.12–14 Anisotropy is also observed in properties such as thermal

conductivity15 and mechanical properties.16 Anisotropy in PVD glasses has been primarily at-

tributed to the preferred orientation of molecules at the free surface.9,13,17–22 However, optical

birefringence has also been observed in vapor-deposited glasses without any molecular orienta-

tion.14 Such structural anisotropy, independent of molecular orientation, has been attributed to

molecular layering normal to the film’s surface.9,14,23–26 Molecular layering is directly observed in

grazing incidence wide-angle X-ray scattering (GIWAXS) experiments as a unique scattering peak

in the out of plane direction.23,26

Molecular orientation and layering emerge due to the surface-mediated equilibration and ac-

celerated aging processes. The surface region of glasses have enhanced mobility and lower Tg val-

ues.25,27–29 During PVD, surface molecules can equilibrate and age at an accelerated rate,25,27 the

rate of which is controlled through the deposition temperature (Tdep) and deposition rate (rdep).30

As such. the structure and dynamics of the glass is influenced by that of this liquid-like layer

at the free surface boundary.31 Deposition close to Tg and at slower rdep results in isotropic and

near-equilibrium states, while lower Tdep and faster rdep can result in preferred molecular orien-

tation and layering. Generally a Tdep-rdep superposition rule can be established for the structural

anisotropy at other properties of PVD glasses.30 Simulations have shown that a molecule’s orien-

tation can strongly vary with its depth from the free surface, which in turn depends on the time
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allowed for the molecule to equilibrate below the immediate free surface.24,32 If the surface mo-

bility is limited to one layer, in-plane orientation is templated throughout the film, while relaxation

below the surface can result in out of plane22 or isotropic32 orientation.

While the specific origins of molecular layering are unknown, our previous studies in a spherically-

shaped molecular glass, 9-(3,5-di(naphthalen-1-yl)phenyl)anthracene (α ,α−A), has shown a strong

correlation between this feature and increased index of refraction in the direction normal to the film

surface (vertical direction).14,25 As such we have interpreted this feature to be indicative of tighter

packing of molecules in this direction. Furthermore, our recent experimental data suggests that lay-

ering likely emerges due to accelerated rate of aging the near-surface.25 As the surface molecules

fall out of equilibrium upon further deposition, they can still age rapidly,27 while being constrained

by the rigid out of equilibrium regions of the film. The influence of the free surface structure in

templating anisotropy is also evident in vapor deposition of liquid crystalline (LC) molecules,

which can adopt highly tunable LC phases that are not observed in liquid-quenched states.21,33

The tunability of the structure of both liquid crystals and molecular glasses through PVD makes

them attractive candidates for applications where orientation and anisotropy are important.

Chemical structure can be used to tune the structural features in stable glasses. Strong inter-

molecular interactions such as hydrogen bonding29,34–36 can influence the free surface mobility

and reduce the degree of stability, while other chemical motifs can produce microphase-separated

states.32 In a recent study, we demonstrated that intra-molecular relaxations can be varied to mod-

ify the equilibrium shape of a molecule, which can then influence their degree of stability upon

PVD, by affecting the liquid structure and mobility of the mobile surface layer.25,37

The specific role of stability and anisotropic structure on the mechanical properties of vapor-

deposited glasses remains relatively under-studied. Previously, Brillouin Light Scattering mea-

surements showed higher elastic moduli and sound velocity in SGs compared to liquid-quenched

glasses,12,16,38 and indicated anisotropy in these properties.16 Nanoindentation experiments have

also been employed to show increased hardness and modulus with increased degree of stability.39

This study suggested that the change in the hardness is well-correlated with the change in the den-
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sity of a stable glass film, while the change in modulus was found to correlate with the optical

birefringence. Wrinkling experiments were also employed to measure the modulus of thin PVD

films, indicating that besides the substrate temperature, the film thickness can also influence the

value of modulus.8,40

In this study, we use nanoindentation to measure the mechanical properties of vapor-deposited

glasses of two isomeric organic molecules with similar bond connectivity, but different molecu-

lar shapes.25,37 To obtain reliable nanoindentation data, we correct for surface detection errors in

nanoindentation experiments, which are caused by the soft surface of these glasses.41–43 Corrected

values of the reduced modulus and hardness are obtained by modifying both indentation proce-

dures and data analysis, based on our recently developed methods.43 We find enhanced mechanical

properties in the most stable glasses of these molecules (Tdep ∼ 0.8Tg), on the order of 30-45% for

hardness and 15-20% for reduced modulus, compared to glasses deposited at Tg. Measurements

on a broad range of deposition temperatures indicates that while the degree of enhancement cor-

relates with the enhancement in density when Tdep is close to Tg, the enhancement in the modulus

and hardness are beyond that predicted by density at low deposition temperatures (Tdep < 0.8Tg).

The degree of enhancement in these molecules are also independent of their molecular orientation.

Instead, we observe a strong correlation between mechanical properties and molecular layering,

interpreted as tighter molecular packing in the vertical direction, and therefore better mechanical

enhancement in the direction of indentation.
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Figure 1: Schematic of the experimental approach. A) The structures of the two molecules used
in this study: 9-(3,5-di(naphthalen-1-yl)phenyl)anthracene (α ,α−A), and 9-(3,5-di(naphthalen-
1-yl)phenyl)phenanthrene (α ,α−Phen). B) A schematic of the vapor deposition setup and the
substrate’s deposition temperature gradient (T -grad). C) Schematics of the nanoindentation pat-
terns used on T -grad samples for high-throughput experiments. The color gradient demonstrates
the gradient of Tdep values, while the patterns show points along the sample where nanoindentation
was performed at room temperature. D) The nanoindentation procedure at each point; approach,
liftoff, lateral offset, and indentation, used to avoid surface detection errors.43

Detecting the True Surface. Figure 1 shows the molecular structures of 9-(3,5-di(naphthalen-1-

yl)phenyl)anthracene (α,α−A), and 9-(3,5-di(naphthalen-1-yl)phenyl)phenanthrene (α,α−Phen)

molecules and an outline of the methods used in this study. Samples were prepared by physical

vapor deposition and investigated by a modified nanoindentation approach.43 More details can be

found in the Materials and Methods section and Supporting Information (SI). Figures 2A and C

show examples of load versus displacement curves obtained for α,α−Phen and α,α−A samples,

respectively. As can be seen, the load increase starts at a point ∼ 20 nm above the apparent detected

surface, meaning that the initially detected surface by the instrument is about 20 nm below the true
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surface of the sample. To correct these load-displacement curves, the correct location of the surface

was identified as the point where the load increased above the baseline in-air values. The curves

were then shifted both horizontally and vertically, such that the in-air load values were on average

zero, and the point at which the load increased beyond the baseline was identified as the zero

displacement, i.e. the true surface location (shown with dashed lines in figures 2B and C). More

details of this approach can be found in the SI. The corrected curves for the data in Figures 2A and

C, based on this approach are shown in Figures 2B and D, respectively.

Figure 2: A) Examples of load-displacement curves for α,α−A samples at three different depo-
sition temperatures, Tdep = 260 K (0.72Tg, blue), 307 K (0.85Tg, purple), and 357K (0.99Tg, red).
The inset shows the molecule’s structure. B) The corrected load-displacement curves after account-
ing for the surface detection error. Inset demonstrates the value of Pmax, hmax, the slope S, and the
final indentation depth (h f ) for the data at Tdep = 0.85Tg. C) Examples of load-displacement curves
for α,α−Phen samples at different deposition temperatures, Tdep = 261 K (0.72Tg, blue), 308 K
(0.85Tg, purple), and 359 K (0.99Tg, red). The inset shows the molecule’s structure. D) The cor-
rected load-displacement curves after accounting for the surface detection error. The arrows show
the direction of loading and unloading in all figures. The relative Tdep values shown in the legend
apply to all four plots.
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Nanoindentation Analysis. Figures 2B and D show the load-displacement curves at various

Tdep for α,α−Phen and α,α−A molecules, after corrections are applied to account for surface

detection errors. We note that these loading curves are noticeably less smooth than may be expected

in typical nanoindentation experiments. In all curves, a flat region can be observed around the

machine-determined apparent surface (indicated by an arrow in Figure 2A). This is a systematic

error due to a switch from displacement control during the approach to load control the moment

the surface is detected. During this swap, there is a brief (1 second) pause by the instrument, which

causes a small amount of creep to occur before load-controlled indentation begins. Given the error

in surface detection, this point occurs at a displacement of ∼ 20 nm instead of the actual surface.

However, there is no reason to suspect this feature impacts the results reported here. In addition

to this feature, random “pop-ins" are also observed at higher load values throughout the loading

region. These pop-ins are attributed to the brittle nature of these films, which can result in shear

transformations.44 Due to limited data on these features, they are not further analyzed in this study.

The data presented in Figures 2B and D also show that for each molecule, the loading curves

are different at different Tdep values, indicating a dependence of the mechanical properties on

the deposition temperature. For example, the load-displacement curves for Tdep ∼ Tg for both

molecules (red curves in Figures 2B and C) show a higher displacement at the same maximum

load compared to data at other Tdep values, suggesting lower hardness. This is consistent with the

fact that deposition below Tg yields more stable glasses with higher density.25,37 The difference

in maximum load between different samples in Figures 2 A and C is to maintain a maximum

depth of less than 10% of the total film thickness, which was slightly different between these two

samples. This maximum indentation range was chosen to avoid an influence of the substrate on

the measurements. Figure S1 of SI shows that within the range of depths used in this study for

various samples and various deposition temperatures, and within the scatter of the data, there is no

dependence of the measured values on the maximum indentation depth, confirming that substrate

effects are negligible.

Measurements of modulus and hardness were obtained from the nanoindentation data using the
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Oliver-Pharr method. The unloading portion of the curve was fit to a power-law equation:

P = α(h−h f )
m (1)

Where P is the load, h is the indentation depth and h f is the final displacement depth (at zero

load), and α and m are fitting parameters, with 1.2 ≤ m ≤ 1.6 (more details in SI). The data points

were weighted according to their location on the unloading curve, with a weighting of 95% on the

upper portion (high load) and 20% on the lower portion (low load) of the unloading curve. This

was based on typical weighting used by the commercial (Hysitron) nanoindenter software. This

weighting is used because the initial slope of the unloading curve is more important in determining

the values of hardness and modulus. To determine the value of the elastic unloading stiffness (S),

the derivative of this power-law equation was averaged over the initial region of the unloading

curve (typically 15 data points). Hardness (H) and nanoindentation reduced modulus (Er) were

then determined using equations 2 and 3, as detailed in SI:

H =
Pmax

A
(2)

Er =
S
√

π

2β
√

A
. (3)

Here, β is a constant that depends on the tip-geometry (β = 1.034 for Berkovich tips) and A is

the projected area of the tip at the peak contact depth. It is also possible to determine S by fitting

a line to the initial, linear region of the unloading curve. This fitting was also performed and the

data was compared with S determined through the power-law fitting. If these two values were

different by more than 15% for a particular load-displacement curve, that data point was not used

for subsequent analysis. Very few points were rejected as a result of this approach, leaving at least

20 independent load-displacement curves, for which the data was collected and averaged at each

deposition temperature. In situations where fewer data points were available (for example, where a

sample had dust particles or other surface contaminations), the data was not used for a given Tdep.
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Figure 3: A) Hardness and B) reduced elastic modulus of α,α−A (blue) and α,α−Phen (red)
as a function of deposition temperature, normalized by Tg (Tdep/Tg) of each molecule. Solid lines
represent a polynomial fitting to each curve to guide the eye. The black lines in each curve highlight
the approximate relative increase in the hardness (30-45%) and reduced modulus (15-20%) at
maximum (near Tdep ∼ 0.8Tg) compared to the corresponding values at Tdep = Tg.

Dependence of Mechanical Properties on the Deposition Temperature. Figure 3A and B

show the hardness and reduced modulus as a function of Tdep for both glasses. In both systems, a

strong Tdep-dependence is observed. As Tdep is decreased, H and Er increase dramatically, reach-

ing a maximum around Tdep ∼ 0.8Tg for both systems. In both systems, significant improvements

in mechanical properties are observed, with 30-45% increase in hardness and 15-20% increase

in the reduced modulus in the deposition temperature range of 0.78Tg − 0.82Tg (as compared to

the deposition temperature range of 0.98Tg −1.02Tg). This is a larger enhancement in mechanical

properties than previously observed for other stable glass systems measured via nanoindentation.39

As the deposition temperature is further decreased, both hardness and reduced modulus start de-
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creasing. However, both values remain higher than their corresponding values at Tdep = Tg for the

entire range of Tdep accessible in this study.

Figure 4: (A) Hardness, (B) relative density change, and (C) normalized layering peak intensity as
a function of deposition temperature, normalized to Tg, for α,α−A (blue) and α,α−Phen (red).
Colored shading highlights three proposed regimes as described in the main text.
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Dependence of Mechanical Properties on the Glass Structure. A surprising aspect of the data

presented in Figure 3 is the fact that the temperature-dependence and the absolute values of both

hardness and reduced modulus at each Tdep are nearly the same in both molecular glasses to within

the scatter of the data. We have recently shown that there is a significant difference in the structure

and stability of vapor-deposited films of these two molecules, stemming from the differences in

their molecular shape and flexibility, which affects the details of their free surface equilibration

rate at low Tdep.25,37

To understand this phenomenon, in Figure 4 we plot hardness alongside relative density change

(∆ρ) and normalized layering peak intensity, as reported in our previous publication.25 We first

focus on the high-Tdep region (0.95Tg < Tdep < Tg, highlighted in orange). In this region, the

density increases by ∆ρ ∼ 0.5% as Tdep is decreased (Figure 4B), and the vapor-deposited glass is

isotropic, with near zero optical birefringence (Figure S3 of SI) and no layering (Figure 4C). This

is consistent with the fact that in most PVD glasses the thermal stability, as measured here through

the density, typically follows the extrapolated equilibrium values of the supercooled liquid,45,46

and the glass is isotropic, indicative that it is reaching near-equilibrium states. Surprisingly, in this

region, both hardness and reduced modulus, measured through nanoindentation, remain unchanged

within the scatter of the data (Figure 4A).

As the deposition temperature is further reduced (0.8Tg < Tdep < 0.95Tg, pink region) the den-

sity continues to increase in both systems (Figure 4B), roughly following the same temperature-

dependence as the high Tdep region. In this regime, both molecules show a positive birefringence,

which is reflective of the emergence of molecular layering. The layering in this region is directly

observed in GIWAXS experiments, where a distinct peak is observed in the out-of-plane scattering

direction (Figure S2). The intensity of this peak grows as the temperature is decreased. Though

the absolute extent of layering is slightly different in these molecules (Figure S3B), which is also

reflected in the values of their optical birefringence, the temperature-dependence of the layering,

as measured through the normalized peak intensity, is similar for both glassformers. Both hard-

ness and modulus dramatically increase in this region such that the density increase of ∆ρ ∼ 1.4%
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relative to the glass deposited at Tg corresponds to a relative harness increase of ∆H ∼30-45% and

a relative increase of the reduced modulus by ∆Er ∼15-20% within the scatter of the data obtained

at various locations of indentation. This dramatic increase in the mechanical properties correlates

well with the extent of layering, as measured by the normalized layering peak intensity (Figure

5), and a reasonable correlation is also observed with the increased density in this range of Tdep.

However, a poor correlation is seen with either density or birefringence when the entire range of

Tdep is considered (Figure S4 of SI).

Figure 5: Correlation plots of A) hardness and B) reduced modulus with the normalized layering
peak intensity for α,α−A (blue) and α,α−Phen (red) molecules.

Both hardness and modulus continue to remain correlated with the layering peak intensity

even for Tdep < 0.82Tg, where vapor-deposited glasses are in kinetically trapped states (Figure 5),

and their stability is reduced. Notably, in α,α−Phen, deposition below 0.75Tg results in unsta-

ble films with density values below that of the liquid-quenched glass (Figure 4B), while α,α−A
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glasses have improved density and stability in this region. Similarly, the degree of optical bire-

fringence is significantly different in this region (Figure S3A). In α,α−Phen, these aspherical

molecules assume an in-plane orientation,25,37 which yields negative values of birefringence, while

spherically-shaped α,α−A molecules remain isotropic.14,25 Despite these significant differences

in orientational order and stability of glasses deposited at Tdep < 0.8Tg, their hardness and modulus

are nearly the same, and significantly higher than their corresponding values when deposited at Tg.

We note that the intensity of the layering peak also remains non-zero in this region with strong

correlations with hardness and modulus (Figure 5).

These observations are in contrast to previous work in vapor-deposited glasses of N,N’- bis(3-

methylphenyl)-N,N’-diphenylbenzidine (TPD)39 where it was reported that the hardness is corre-

lated with density across the reported range of deposition temperatures, while modulus was found

to relate to the molecular orientation. A comparison with molecular layering was not provided in

that study. Previous Brillouin light scattering experiments in indomethacin stable glasses had also

shown a strong dependence of the longitudinal sound velocity on Tdep,38 which correlates well

with the density in the equilibrium region of the Tdep curve.46 However, this correlation breaks

at low Tdep similar to the data shown here. While a correlation with the layering peak intensity

was not made in these studies, the speed of sound remains higher than predicted by density at low

Tdep where the layering peak intensity is also non-zero.26,46 It is important to note that α,α−A

is spherical and thus its positive birefringence is due to layering as opposed to orientation.14,25

While α,α−Phen is ashperical, and is able to take an in-plane orientation at low Tdep, its degree

of asphericity is small25 compared to the elongated molecules used in previous nanoindentation

studies.39 As such, at high values of Tdep its measured birefringence has more contribution from

layering than out of plane orientation. It is possible that the mechanical properties of molecules

with stronger orientational anisotropy would be more strongly influenced by their orientational

order.

Here, given the unique structure of the designed molecules, we can separate the effects of layer-

ing and in-plane molecular orientation, both of which affect the measured optical birefringence.9,25
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While the exact details of molecular layering remains unknown, when normalized against maxi-

mum intensity (Figure 4C), the temperature-dependence of this peak follows the same trend, which

appears to be the most prominent factor in the enhanced mechanical properties measured in nanoin-

dentation experiments. As noted above, it is possible that when a more anisotropically-shaped

molecule is used, both orientation and layering can affect the nanoindentation data.

We note that molecular layering and its corresponding peak in GIWAXS experiments are al-

ways observed in the direction normal to the film’s surface (Figure S2). It has been hypothesized

that this is due to the fact that at these cold deposition temperatures, the molecules at the near sur-

face region have fallen out of equilibrium, and while their dynamics are still enhanced compared

to the rest of the film, their relaxation is due to enhanced rate of physical aging. The lateral con-

straint imposed by the glassy layer below the free surface prevents density increases in the lateral

direction, while the molecules can still adopt closer packing in the vertical direction.14 Nanoinden-

tation is also performed by indenting the tip in the direction normal to the surface. As such, it is

not surprising that the measured quantities in this direction are influenced by this distinct layering

structure.

Previous reports have indeed shown that stable glasses exhibit significant anisotropy in their

elastic properties,12,16 due to their structural anisotropy. Nanoindentation experiments in anisotropic

materials measure a reduced modulus that is a complex function of moduli in all directions, with

the direction of indentation providing the main contribution.47 Through the methods used in this

study, separation of the directional moduli is not possible because we do not have access to the cor-

responding in-plane values. However, we use the computed “indentation modulus” as an effective

modulus which remains valuable in our comparisons. The potential for nanoindentation to probe

anisotropic materials has been explored in depth,47–51 in particular for indenters of simple symme-

try and by doing indentations in multiple directions, but these methods are not possible for the thin

film samples in this work. Future work may include probing mechanics in other directions. The

current work suggests that nanoindentation may be a unique method to explore layering properties.

In summary, we demonstrate that accurate surface detection is critical in obtaining correct
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nanoindentation data in soft molecular glass systems. Accounting for this, we find that mechan-

ical properties are significantly improved in vapor-deposited glasses of two structurally similar

molecules. A 30-45% increase in hardness and 15-20% increase in reduced modulus is measured

in the most stable glasses of both molecules, deposited around 0.8Tg. When PVD is performed

near Tg, where near-equilibrium structures are produced, both hardness and modulus correlate rea-

sonably well with the glass density. At low deposition temperatures, kinetically trapped structures

are formed. In this regime, hardness and modulus are found to be improved even for glasses that

are unstable and have significantly lower density than the bulk glass. In both systems over the

entire range of deposition temperatures the mechanical properties correlate well with molecular

layering, which indicates tighter molecular packing in the direction of deposition/indentation. We

do not observe a correlation between molecular orientation and mechanical properties as measured

by nanoindentation. Given the strong correlation between nanoindentation properties and layer-

ing, nanoindentation can be considered as an alternative approach to probe the degree of layering

in vapor-deposited glasses of other molecules, which can elucidate the origins of layering, which

is hypothesized to be due to physical aging of the surface layer at low deposition temperatures.

It is also important to note that in these inherently anisotropic films, layering and orientation may

play different roles if the mechanics are studied in other directions, which should be explored using

other techniques than nanoindentation.

Materials and Methods

Materials. Figure 1A shows the structure of 9-(3,5-di(naphthalen-1-yl)phenyl)anthracene (α,α−A)

and 9-(3,5-di(naphthalen-1-yl)phenyl) phenanthrene (α ,α−Phen) molecules, which were syn-

thesized as described in our previous work.45,52 The glass transition temperatures (Tg) of these

molecule, as determined by Differential Scanning Calorimetry (DSC), are Tg,−A = 361±2 K and

Tg,−Phen = 362±5 K, respectively.45,52 As reported in our previous work,25 the A–diarylbenzene

bond in α,α−A has a higher barrier of dihedral rotation compared to the Phen–diarylbenzene
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bond in α,α−Phen. The equilibrium angle of this dihedral bond in α,α−A is also larger than the

corresponding bond in α,α−Phen. As such, at low temperatures α,α−A has a spherical shape,

while the α,α−Phen is ellipsoidal,25 as schematically shown in Figure 1A.

Sample preparation. For each molecule, 0.8−1 µm films were prepared by physical vapor de-

position (PVD) from a thermal evaporation source, using a custom vacuum chamber with a base

pressure of ∼ 10−7 Torr (Figure 1B, details in our previous publications25,53). The molecules

were deposited onto silicon substrates (Virginia Semiconductor) bridged across two independently

temperature-controlled copper sample holders, and secured on each side using Apiezon PFPE 501

grease and a strong clamp to ensure good thermal contact. This resulted in a gradient of Tdep dur-

ing each deposition. The range of temperature gradient was set by setting the temperature at each

end, between 248 K - 371 K for α ,α-A and 249 K - 373 K for α ,α-Phen, respectively. The tem-

perature at each point along these temperature-gradient (T -grad) samples were determined based

on the Fourier’s Law, and calibrated using various calibration standards as well as depositions onto

individually temperature-controlled substrates, as detailed in our previous publications.25,53 Given

the range of the gradients used here and the accuracy of temperature control at each end, the error

in defining Tdep at each point across the T -grad sample stage was estimated to be ≤ 4 K (details in

our previous publications25,53). The deposition rate (rdep) was monitored using a quartz crystal mi-

crobalance (QCM) and was controlled at rdep = 0.2±0.03 nm/s. This deposition rate was chosen

to be consistent with our previous work producing typical stable glasses of these molecules.25,54

Nanoindentation Experiments. Nanoindentation experiments were performed using a Hysitron

TI-950 nanoindenter fitted with a Hysitron Berkovich tip. Sites for indentation were selected at

distances 2 mm apart, and 30 indents were performed at each site (Figure 1C), under ambient

conditions. These positions were then correlated with the calculated Tdep values.

Typical preload-based surface detection schemes during nanoidentation can lead to surface de-

tection errors, which affect the accuracy of the hardness and modulus measurements. A procedure

schematically shown in Figure 1D was adopted, which we have recently demonstrated can avoid
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surface detection errors.43 This procedure can be summarized as follows:

1. Using the preload detection scheme, the tip approaches the sample until it detects the appar-

ent “surface”, which is likely at a depth below the actual specimen surface.

2. The tip is then lifted off to a distance of 150 nm away from the apparent surface. This height

is chosen because it avoids significant noise upon re-approach.

3. The tip is offset laterally by 1 µm from the original approach location. This distance is

chosen to avoid interactions with the surface detection indent.

4. The tip is loaded into the sample, using load control, with a constant maximum load chosen

such that the maximum displacement into the sample is less than 10% of the total sample

thickness. This is a common experimental practice that has been shown55 to aid in avoiding

effects from the substrate below the sample.

5. The tip is held at the maximum load for a period of 10 s and is then unloaded from the

sample.

The resulting load-displacement curves (Figure 2) were then analyzed to determine the true

surface, after which, the Oliver-Pharr method56,57 was used to determine the hardness (H) and

nanoindentation reduced modulus (Er). These analyses, along with surface detection error cal-

culations, were performed using a MATLAB code. Relevant equations are detailed in the online

Supplementary Information, SI.

Comparisons With Other Structural Properties The measured hardness and modulus were

compared with previously measured structural characteristics of vapor-deposited films of α,α−A

and α,α−Phen molecules. These properties include the relative density (∆ρ) and optical birefrin-

gence as a function of Tdep, measured using spectroscopic ellipsometry, and the extent of molecular

layering, measured by grazing incidence wide-angle X-ray scattering (GIWAXS) experiments (de-

tails in SI and figures S1-S2). These data are from detailed structural analysis reported in our recent

publication.25
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