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ABSTRACT: Stable glasses are formed during physical vapor deposition (PVD), through the surface-mediated equilibration
process. Understanding surface relaxation dynamics is important in understanding the details of this process. Direct
measurements of the surface relaxation times in molecular glass systems are challenging. As such, surface diffusion
measurements have been used in the past as a proxy for the surface relaxation process. In this study, we show that the absence of
enhanced surface diffusion is not a reliable predictor of reduced ability to produce stable glasses. To demonstrate, we have
prepared stable glasses (SGs) from two structurally similar organic molecules, 1,3-bis(1-naphthyl)-5-(2-naphthyl)benzene
(TNB) and 9-(3,5-di(naphthalen-1-yl)phenyl)anthracene (α,α-A), with similar density increase and improved kinetic stability
as compared to their liquid-quenched (LQ) counterparts. The surface diffusion values of these glasses were measured both in
the LQ and SG states below their glass transition temperatures (Tgs) using gold nanorod probes. While TNB shows enhanced
surface diffusion in both SG and LQ states, no significant surface Tg diffusion is observed on the surface of α,α-A within our
experimental time scales. However, isothermal dewetting experiments on ultrathin films of both molecules below Tg indicate the
existence of enhanced dynamics in ultrathin films for both molecules, indirectly showing the existence of an enhanced mobile
surface layer. Both films produce stable glasses, which is another indication for the existence of the mobile surface layer. Our
results suggest that lateral surface diffusion may not be a good proxy for enhanced surface relaxation dynamics required to
produce stable glasses, and thus, other types of measurements to directly probe the surface relaxation times may be necessary.

■ INTRODUCTION

Enhanced surface mobility1−5 can affect the properties of
glassy materials at nanoscale compared to their bulk counter-
parts.6−10 This can significantly impact their end-uses which
include coatings, drug delivery, nanoimprinting lithography,11

membranes12 and organic electronics applications.13−17 In thin
polymeric and organic glass materials, this liquid-like surface
layer has been shown to alter material properties, such as the
glass transition temperature (Tg),

18−22 aging rate,23−27 and
mechanical properties.28−32

In molecular glassformers, surface mobility has been
primarily estimated through measurements of surface diffusion,
particularly at temperatures below Tg.

33−36 It has been shown
that the enhanced surface diffusion can impact the crystal

growth process,37−39 increasing the crystal growth rate even
below Tg

40 and rendering the development of amorphous
pharmaceutical drugs difficult. Furthermore, enhanced surface
diffusion, and more generally the enhanced surface mobility,
has been linked to the ability to form stable glasses (SG)
through physical vapor deposition (PVD).41−45

Vapor-deposited stable glasses, first discovered by Ediger
and co-workers,46 have properties that are analogous to those
of liquid-quenched (LQ) glasses that have been aged for
thousands or millions of years.47,48 They show better thermal
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stability,46,48 increased density,49 higher modulus,50,51 and
improved kinetic52,53 and photostability,54,55 as well as other
superior material properties.56,57 These glasses are produced by
exploiting the enhanced mobility of the surface molecules.
When vapor depositing a material at a slow rate, on a
temperature-controlled substrate kept below Tg, surface-
mediated equilibration (SME) allows the incoming molecules
to find more stable states before being buried into a quenched
out-of-equilibrium state. Since SME is a kinetic process, many
SG properties, such as density and thermal/kinetic stability,
can be tuned based on the deposition rate and the deposition
temperature.57−63 Similarly, there is strong evidence that the
structure of the liquid at the free surface may help template the
glass structure, resulting in anisotropic and optically
birefringent states.63−67

While stable glasses have potential applications in various
fields, the details of the SME process and the exact formation
mechanism of SGs are not fully understood. It is commonly
understood that the enhanced diffusion of molecules at the
surface layer allows the molecules to more rapidly sample
configurations at the free surface and find states with lower
fictive temperatures (Tf) in the potential energy landscape.43,68

In molecules that can form hydrogen bonds, it has been
demonstrated that the increasing hydrogen bond strength can
result in slower surface diffusion, reducing the ability to form
SGs.69−74 However, this correlation is not perfect, and it has
been noted in a recent study by Chen et al.73 that other factors
such as the size of the molecules, the mobility gradient within
the film, and the extent of the intermolecular interaction are
also important besides the surface diffusion coefficient.
Consistent with this picture, recent computer simulations
mimicking the experimental vapor deposition procedure have
observed both enhanced diffusion of particles on the
surface45,75 and increased stability.43,64,68 These simulations
also demonstrate significant rearrangements below the
immediate free surface.45

In a recent study, we used Tobacco Mosaic virus35 to
directly probe the diffusion at the surface of stable glasses
formed of N,N′-bis(3-methylphenyl)-N,N′-diphenylbenzidine
(TPD) molecule and demonstrated that the layer at the free
surface may have dynamics that are decoupled from the bulk of
the glass19 and thus will likely not contribute to the formation
of stable states.76 As such, surface diffusion is at best a proxy
for the enhanced dynamics of layers underneath the free
surface layer. Using coarse-grained simulations,45 we have also
recently demonstrated that significant rearrangement can occur
in layers below the immediate free surface, even for molecules
that do not show significantly enhanced surface diffusion.
In this study, we provide an experimental example of a

molecular glass system (α,α-A), where lateral surface diffusion
is not observed, but the molecule can still form SGs relatively
similar to SGs formed by a similar molecule TNB.
Furthermore, we demonstrate that, in the ultrathin film (∼10
nm) state, both TNB and α,α-A show enhanced dewetting
rates below Tg, a strong indication of the existence of a mobile
surface layer with enhanced dynamics. The results show that
while lateral surface diffusion can be a good proxy for the
enhanced surface mobility, its absence does not necessarily
mean that the surface dynamics are not enhanced. Our study
suggests that direct probes of the surface relaxation dynamics
need to be developed to investigate the relationship between
the surface mobility and stable glass formation. Ultrathin film

dewetting may provide another convenient proxy if feasible.
We will explore this latter option in detail in our future studies.

■ EXPERIMENTAL DETAILS
The synthesis and bulk characterization of both 1,3-bis(1-
naphthyl)-5-(2-naphthyl)benzene (TNB) and 9-(3,5-di-
(naphthalen-1-yl)phenyl)anthracene (α,α-A) molecules have
been described in our previous publication.77 The glass
transition temperatures, Tg, of these molecules were measured
by differential scanning calorimetry (DSC Q2000, TA
Instruments) using hermetically sealed aluminum pans at a
cooling at a rate of 10 K/min (Figure S7 of the online
supporting info (Supporting Information)). The Tg values
measured by DSC are Tg(TNB) = 343 ± 1 K and Tg(α,α−A) = 363
± 1 K. Films of both molecules were prepared as amorphous
thin films (∼200 nm thick) on Si substrate with a native oxide
layer, in a custom-built ultrahigh vacuum chamber (base
pressure ∼3 × 10−7 Torr), using a typical deposition rate of 0.2
nm/s at 298 K. Deposition rates were monitored using a quartz
crystal microbalance (Inficon Instruments). For ultrathin films
of these molecules (∼10−12 nm), a slower deposition rate of
0.02−0.04 nm/s was used instead. More details of the chamber
setup and the deposition process can be found in the
Supporting Information (Figure S2).
The thickness of these films were measured using a variable-

angle spectroscopic ellipsometer (SE, J. A. Woolam, M-2000
V) at 70° incident angle. A three-layer model which consists of
a silicon layer, a native silicon oxide layer (1 nm in thickness)
and a uniaxial anisotropic Cauchy model was used to fit the
measured spectroscopic angles ψ(λ) and Δ(λ) in the
wavelength region of 500−1600 nm (Supporting Information,
Figure S3). The thickness of the as-deposited films was
monitored by SE during heating, isothermal transformation to
supercooled liquid (SCL), and cooling back to LQ glass; at a
cooling and heating rate of 10 K/min. A Linkam temperature-
control stage (THMS600 V) was used to monitor and control
the temperature. The isothermal transformation temperature
of Tg + 25 K was used (more details are given in the
Supporting Information and Figure S4).
Surface diffusion measurements were performed using long-

aspect ratio gold nanorods (length/diameter = AR = ∼8) with
a typical diameter of 22 ± 1 nm (Figure S8). These gold
nanorods were coated with a cationic surfactant, hexadecyl-
trimethylammonium bromide (CTAB). The gold nanorod
(AuNR) solution (Nanopartz Inc.) was spun-cast onto the
surface of thick (∼200 nm) α,α-A and TNB films to achieve a
dilute and uniform distribution of AuNRs. After spin coating,
the film surface was further treated with Milli-Q water, which
helps remove the excess CTAB from the film surface. The
advantage of using AuNRs instead of previously used Tobacco
Mosaic virus (TMV)19,35,76 is thermal stability at higher
temperatures and a reduced number of residual contaminants
on the surface.
Isothermal annealing at T < Tg was performed with a custom

thermoelectric heating-stage and a thermistor (Oven industries
TS91−10K) calibrated with three melting point standards
(purchased from Sigma-Aldrich) ranging from 320 to 353 K
(details in the Supporting Information). To track the evolution
of the surface response to the nanorod perturbation, tapping
mode atomic force microscopy (AFM) imaging (Noncontact
AFM tips from Budget Sensors, Tap-300G, resonance
frequency 300 kHz, tip radius of curvature <10 nm, force
constant 40 N/m, Agilent 5420 AFM) was performed at
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various isothermal annealing temperatures ranging from 303 to
358 K.

■ RESULTS
Formation of Stable Glasses by TNB and α,α-A. Figure

1 shows how the thicknesses of TNB and α,α-A vapor-

deposited glass films change during temperature cycling. The
as-deposited films were heated from 298 K to Tg + 25 K at a
rate of 10 K/min. After the transformation into the
supercooled liquid (SCL) state is complete, samples were
cooled back to 298 at 10 K/min and the Tg was measured. The
measured Tg values using ellipsometry are Tg(TNB) = 342 ± 1 K
and Tg(α,α−A) = 363 ± 1 K, respectively. These values are
adapted as Tg for the rest of the manuscript. The differences in
the densities of the SG and LQ states were measured at 298 K
to be Δρ(TNB) = 1.41 ± 0.05% and Δρ(α,α−A) = 1.36 ± 0.03%,
respectively (Figure 1), which is consistent with our previously

published results56,61,63 (direct comparisons shown in Figure
S6 of the Supporting Information). The fictive temperatures of
each of these systems were also obtained from the data shown
in Figure 1 by extrapolating the supercooled liquid line to the
stable glass line. The values of the fictive temperatures were
measured to be Tf(TNB) = 309 ± 1 K and Tf(α,α−A) = 329 ± 1 K,
respectively, corresponding to an estimated age of ∼140 years
for TNB and ∼68 years for α,α-A respectively, based on our
previously reported values of fragility for these two systems
along with Arrhenius extrapolation.61 These results indicate
that both TNB and α,α-A form reasonably similar stable
glasses under these deposition conditions.

Surface Diffusion Measurement of TNB and α,α-A.
For measurements of the surface diffusion, long-aspect-ratio
AuNRs (AR ∼ 8) were placed on the surface. The mobile
molecules on the surface respond to this perturbation by
forming a meniscus around the AuNRs. At temperatures above
Tg, this will result in the embedding of the AuNR. However,
well below Tg, the motion of the molecules are diffusive on the
free surface and the rest of the system is in a rigid glassy state.
Thus, the rods stay on the surface (constant height) while the
meniscus is being formed. As demonstrated in our earlier
publications,19,35,76 if the aspect ratio of the rod is long enough
(semi-two-dimensional flow), for a purely surface diffusive
process, the meniscus evolution follows a self-similar shape
with space and time (x/t1/4) that can be described by the
Mullins model78 as

γ ν∂
∂

= −
Ω ∂

∂
h x t

t
D

kT
h x t

x
( , ) ( , )s

2 4

4 (1)

where x is the distance from the center of the rod along the
direction normal to it is axis (as shown in line profiles of Figure
2), Ds is the surface diffusion coefficient, γ is the surface
tension, Ω represents the molecular volume, and ν is related to
the thickness of the surface layer, which was assumed to be
one-molecule thick. In the self-similar regime, the prefactor in
this equation can be used to estimate the value of the surface
diffusion Ds.
The evolution of the meniscus around the AuNRs at various

temperatures and various annealing times below the respective
Tg of each molecule was studied using tapping mode AFM.
Figure 2 shows time-lapsed AFM images of the surface of the
two molecules, after the placement of AuNRs on the surface,
and their corresponding graphs of profiles of the menisci
formed at each time point. Parts a and b of Figure 2 show that
for TNB, when the film is held below Tg (Tg − 19 K), the
meniscus grows rapidly with annealing time, such that within
∼30 min the width of the meniscus grows to about 350 nm, for
the 22 nm AuNRs. In contrast, for α,α-A during isothermal
annealing at a similar relative temperature of Tg − 20 K there is
no apparent meniscus growth even after 34 h of annealing.
Similar measurements were carried out in the temperature
range of Tg − 14 K to Tg − 39 K for TNB and Tg − 5 K to Tg
− 30 K for α,α-A in both LQ and SG states. For all
temperatures, rapid meniscus growth was observed on the
TNB surface, while little to no growth was observed on the
α,α-A surface.
To explore whether the menisci formed around TNB are

self-similar, indicating a surface diffusion process, the profiles
around the AuNRs at different annealing times were plotted as
a function of reduced distance, x/t1/4, where x is the distance
from the AuNR’s center in the direction normal to the axis of

Figure 1. (a) Normalized film thickness vs temperature for a 191 nm
thick film of stable glass TNB being transformed into LQ glass. (b)
Normalized film thickness vs temperature for a 170 nm thick film of
stable glass α,α-A being transformed into LQ glass. Both films were
deposited at 298 K and at a rate of 0.2 nm/s. Heating and cooling
rates were 10 K/min, and SGs were transformed isothermally at 25 K
above their respective Tgs.
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the rod. As shown in Figure 3a for a stable glass film of TNB
held at Tg − 29 K, all profiles collapse to a single master curve
reasonably well within the experimental noise (actual profiles
shown in Figure S9 of the Supporting Information). These
results indicate that, within the error of these experiments, the
1/4 power-law is held for these profiles and the evolution of the
meniscus is governed by the surface diffusion, as shown in eq 1.
This self-similar behavior has been observed previously in
experiments with another small molecule, TPD.35,76

Temperature Dependence of the Surface Diffusion
Process. Following the procedure detailed in our previous

Figure 2. (a) AFM topography images of the evolution of the
meniscus around gold nanorods with time during isothermal
annealing of a 144 nm thick LQ film of TNB at Tg−19 K (323 K).
(b) Height profiles extracted from the AFM images in part a showing
the growing width of the meniscus. (c) AFM topography images of
the evolution of the meniscus around AuNRs with time during
isothermal annealing of a 170 nm thick LQ film of α,α-A at Tg − 20 K
(343 K). (d) Height profiles extracted from the AFM images in part c
showing the relatively constant width of the meniscus with time. The
scale bar in all AFM images is 300 nm.

Figure 3. (a) Meniscus profiles across AuNRs on the surface of a 178
nm SG film of TNB held at a temperature of Tg − 29 K (313 K) as a
function of scaled distance from the meniscus center x/t1/4. The
excellent overlap of the menisci indicates self-similarity of the profile.
(b) Half profile width (w) as measured at a height of h = 2 nm from
the film surface, vs time at various annealing temperatures. Open
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publications35,76 the profile widths were measured at various
annealing times for TNB at temperatures ranging from Tg − 14
K to Tg − 39 K as shown in Figure 3b. The fit lines indicate the
one-fourth power law, and it is evident that for TNB, even at
Tg − 39 K, fast surface diffusion can be observed. These
observations are consistent with the previously reported
grating decay measurements.33,37 Figure 3c depicts the same
data for α,α-A at a few measured temperatures below Tg. It can
be seen from Figure 3c that there is almost no change in the
profile width as a function of time. For comparison, the line
that corresponds to the one-fourth power law is also shown,
indicating that the surface mobility is at best subdiffusive if not
absent.

■ DISCUSSIONS
Surface Diffusion of Liquid-Quenched TNB. As

described in our earlier publications,35,76 the data shown in
Figure 3b can be used to estimate the value of the surface
diffusion (Ds) on the TNB surface at various temperatures. To
do so, we note that the intercept values extracted at various
annealing temperatures from Figure 3b are proportional to Ds
through the prefactor shown in eq 1. Using our previous
modeling35 and values of the parameters reported in ref 37
(also listed in the Supporting Information), surface diffusion at
each temperature can be calculated. These values are shown in
Figure 4 along with the results of the surface diffusion
coefficient of TNB obtained previously using surface grating
decay measurements.37

Focusing on Ds values measured on the liquid quenched
(LQ) glass surface, Figure 4 shows that the values measured
using AuNRs probe agree well with the data obtained by the

grating decay method developed by Yu’s group.37 Due to the
relatively small lateral size of the AuNRs compared to the
gratings, our measurements can be readily extended to lower
temperatures. Our experiments show that down to Tg − 39 K,
Ds remains Arrhenius with an activation energy of 115 ± 7 kJ/
mol, which is similar to the reported value in ref 37. This is a
much lower activation barrier than the bulk activation energy,
which is measured to be around 360 kJ/mol at Tg based on the
data in ref 37. This means that as the temperature is decreased
the difference between the values of Ds and Dv grows,
consistent with previous measurements on various mole-
cules.33,35,37 While at Tg the Ds is only ∼7 decades faster than
Dv, at the lowest measured temperature, Tg − 39 K (303 K),
the difference can be 12−20 orders of magnitude depending
on the method of extrapolation (more details in the
Supporting Information, Table S1).
We also note that while an earlier report by Daley et al. using

gold nanospheres36 showed enhanced Ds for TNB, their values
are inconsistent with either grating decay measurements37 or
the results of this study. For nanospheres, there are two
curvatures around a nanosphere, one positive and one negative,
that go to zero or infinity, respectively, at the center of the
sphere, resulting in a singularity. Due to this singularity, the
authors only reported estimated values of the surface
diffusion.36 The small curvatures around the nanospheres can
also potentially affect the resolution of the AFM imaging,
which becomes harder to detect at lower temperatures where
the meniscus is small, likely resulting in temperature-depend-
ent errors in evaluation of the temperatures. In contrast, for the
one-dimensional problem of rods, there is only one curvature,
resulting in self-similar profiles that greatly improve the
confidence of the profile shapes.35 Furthermore, the 1/4
power law can be directly verified using time-dependent
profiles, such as the data shown in Figure 3b, reducing the
effect of noise in the data presented in this manuscript.

Surface Diffusion of Stable Glass TNB, and Its
Decoupling from Bulk Dynamics. The nanorod probe is
uniquely capable of directly measuring Ds on the surface of
stable glass films.76 As shown in Figure 4, Ds values measured
on the SG surface are the same, within the experimental error,
as the Ds values measured on the LQ glass surface. At Tg − 29
K, where overlapping experiments were performed, the raw
data shown in Figure 3 and in the Supporting Information
(Figure S10) are also identical within our experimental error.
Due to the significant “aging” of the SG film, the extrapolated
Dv for the SG glass with a fictive temperature of Tg − 33 K, as
is the case here, is roughly 13 orders of magnitude slower than
even those on the LQ glass surface.79,80 However, the surface
diffusion values are apparently unaffected by this large change
in the effective bulk diffusion coefficient (and thus relaxation
time). This is a strong evidence that the lateral diffusion at the
immediate free surface, Ds, is decoupled from the bulk
dynamics.
This observation is consistent with previous experiments

that observed that the surface diffusion remains invariant while
bulk dynamics are varied by orders of magnitude, either
through preparation of SGs with varying fictive temperatures,76

physical aging,76,81 or preparation of ultrathin films with
enhanced dynamics.19

While these measurements have only been performed on a
handful of molecules and systems, they indicate that when
enhanced surface diffusion is present, Ds and Dv may decouple.
One explanation for this observation is the presence of a large

Figure 3. continued

symbols show meniscus growth on the LQ glass surface, while solid
symbols show measurements on the SG glass surface. The dashed
lines are fits to the data with a constant slope of 1/4. (c) Half profile
width (w) as measured at a height of h = 2 nm from the film surface,
vs time at various annealing temperatures for α,α-A. Open symbols
show the meniscus growth on the LQ glass surface, while solid
symbols show measurements on the SG glass surface. The red solid
line shows a line with a slope of 1/4.

Figure 4. Surface (Ds) and bulk (Dv) diffusion coefficients of TNB.
The open red symbols represent data obtained from LQ glass surfaces
and the solid red points are measured on SGs. Data points in gray are
Ds (triangles) and Dv (circles) values obtained from ref 37.
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dynamical difference between Ds and Dv, which can be 6−7
decades at Tg, increasing as the temperature is lowered further
below Tg. This large dynamical range can result in decoupling
between the dynamics at the free surface and the bulk of the
film. If true, one can then ask whether lowering this dynamical
range can allow a system to stay coupled, such that decreasing
the bulk fictive temperature would result in decreasing the
surface diffusion. The only current example of such a system,
where direct measurements are available, is in ultrathin TPD
films where the bulk dynamics themselves are enhanced.19 The
results of this study showed a dynamical decoupling despite
decreasing dynamical differences. In contrast, indirect crystal
growth measurements on a pharmaceutical drug molecule,
celecoxib, has shown that the crystal growth rates are different
for SG and an LQ glass states.82 Surface diffusion studies on
this material would be an interesting test for the generality of
this explanation. Another approach would be to extend the
studies in this report to a range of molecules with varying
molecular weights where the Ds for the liquid quenched glass
has been previously measured and has been shown to become
closer to Dv as the molecular weight is increased.34 This will be
the focus of our future studies.
Absence of Surface Diffusion in α,α-A. As mentioned

above, the molecular weight (Mw) of the molecule can affect
the surface diffusion coefficient for small molecules and even
for low molecular weight polymers.34 Since α,α-A has a higher
molecular weight (Mw = 506.6 g/mol) compared to TNB (Mw

= 456.6 g/mol), α,α-A is expected to have a slightly lower
surface diffusion coefficient (Figure S11 of the Supporting
Information). On the basis of the temperature dependence of
Ds for TNB, we estimate the surface diffusion of TNB at Tg to
be Ds(TNB) ∼ 2.5 × 10−14 m2/s. On the basis of the Mw
dependence of Ds reported in ref 34 (Figure S11 of Supporting
Information), the surface diffusion of α,α-A at Tg is estimated
to be Ds(α,α,A) ∼ 1.5 × 10−14 m2/s. However, clearly the surface
diffusion of α,α-A is much slower than the estimated value, as
we do not observe any significant meniscus formation around
the AuNRs as shown in Figures 2 and 3. As we were not able
to observe significant surface diffusion, we can only estimate an
upper bound value for the surface diffusion coefficient of α,α-A
at Tg, which is approximately Ds−(α,α−A)(UB) = 10−18−10−19
m2/s, roughly 4−5 decades slower than the estimated value
(details shown in Figure S11 of the Supporting Information).
The absence of the enhanced surface diffusion on α,α-A, for

both LQ and SG glass states, is surprising. We hypothesize that
this is due to pairing or aggregation of anthracenyl substituents
on the free surface. We have previously shown that in both SG
or LQ glasses, α,α-A molecules, as well as the anthracene
substituents, are randomly oriented without any specific
direction and without any significant coupling with their
neighboring molecules.63 However, at the free surface, it is
possible for the anthracenyl groups to segregate to the free
surface and orient normal to the surface. As such, it is more
likely for these substituents to form pairs due to stronger π

Figure 5. (a) Evolution of the morphology of a 10 ± 1 nm thick α,α-A film during isothermal dewetting at Tg − 30 K (333 K). The scale bar is 3
μm. All films were deposited at 297 K with a deposition rate of 0.02 nm/s. (b) A height threshold is set using ImageJ software to calculate the
dewetted area (black). (c) Dewetted area as a function of time obtained from the AFM images in part a after setting an appropriate height
threshold.
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interactions. Such aggregation on the free surface can result in
the formation of larger clusters that can hinder the free surface
diffusion.45 As direct measurements of the orientation of these
molecules at the surface are beyond our ability to resolve,
future studies are required to evaluate this hypothesis.
Evidence of Enhanced Surface Dynamics in α,α-A.

Given the absence of surface diffusion, it is surprising that α,α-
A can still form stable glasses upon PVD, with stable glass
states that are reasonably similar to that of TNB, as shown in
Figure 1 and Figure S6. This is in contrast to previous studies
of alcohols, where formation of hydrogen bonding at the free
surface resulted in reduced ability to form stable glasses under
similar conditions.69,71,72 It was hypothesized that hydrogen
bonding reduces surface diffusion/relaxation and thus the
molecules are unable to find lower energy states to equilibrate.
Measurements of surface diffusion are typically used as a proxy
for enhanced surface relaxation dynamics, and thus are
considered to be indicative of the ability to form stable
glasses.33,35,37 For molecules such as TNB and TPD, where
enhanced surface diffusion is present, this may be correct to
some extent. Whereas, the increased stability in α,α-A glasses
as well as the presence of decoupling between Ds and Dv, as
observed in both TPD and TNB, indicate that this proxy is an
unreliable measure.
Another example of the decoupling between Ds and surface

relaxation time, τs, can be found in polymeric systems with
large molecular weights. In such systems, lateral surface
diffusion is impossible due to chain entanglement at layers
below the free surface. Nonetheless, significantly enhanced
surface relaxation time (τs) is observed.1,2,4,5 In polymeric
systems, the enhanced surface mobility has been directly linked
to the enhanced mobility in ultrathin films.3,83−85 We have
recently demonstrated that for molecular glass of TPD, a
similar behavior can be observed, where enhanced surface
mobility can result in lower Tg values as well as enhanced
dewetting rates in films with thicknesses below 30 nm.86 Since
in small molecules the viscosity is directly proportional to the
relaxation time (τα) of the system, the relaxation time of the
thin film at the limit of zero thickness, obtained through
viscosity (dewetting) measurements, is another good proxy for
the surface relaxation time τs. Interestingly, the activation
energy values obtained for τs for TPD in that study were lower
than the measured activation energy values based on Ds and
the two processes were shown to be decoupled from each
other.19

To probe whether the thin film dynamics (as another proxy
to surface relaxation times) are enhanced in TNB and α,α-A,
we studied the dewetting kinetics in ultrathin films of these
systems. Interestingly, the as-deposited films of both molecules
showed evidence of dewetting on the silicon substrate, even
during the deposition process at room temperature (297 K),
indicating enhanced mobility in the thin film state, even
though the thick films deposited at the same temperature can
form stable glasses. Figure 5 shows the continued spinodal-like
dewetting of a ∼10 nm film of α,α-A when held at Tg−30 K
(333 K). Similar data for TNB is shown in the Supporting
Information, Figure S12.
The dewetting pattern and time scales are similar to the

values previously observed in TPD,86 indicating similarly
enhanced viscosity and thus τα values. While a full character-
ization of the dewetting kinetics and evaluation of the viscosity
as a function of film thickness is beyond the scope of this
study, the reasonably similar dewetting kinetics between TNB

and α,α-A indicates that the two systems have similarly
enhanced relaxation dynamics at their surface, that can
propagate over a fairly long length scale of at least 10 nm. It
is important to note that even at temperatures where the bulk
forms a SG, thin films have enhanced mobility and can dewet,
as is evident by dewetting during deposition. Thus, it is likely
that, during the steady state deposition conditions, while the
bulk of the glass is at a deeply quenched glassy state, the layers
closer to the free surface (within ∼10 nm), can have different
dynamics and possibly be faster than even the SCL glass. As
such, the system is able to equilibrate, not just at the layer
immediately at the free surface but well after it is buried under
the flux of the incoming molecules.
The results of this study indicate that the immediate free

surface dynamics as opposed to only the surface diffusion
should be taken into account in predicting the stability of a
PVD glass. However, it is also important to measure and
understand the length scale over which the dynamics are
modified and the extent of this modification. Both the degree
of enhancement and the depth of enhanced dynamics are
required to predict the ability of a molecule to form a stable
glass. This is also consistent with recent coarse grained
simulations that show rearrangement well below the free
surface.45 We are unaware of any experimental technique that
can directly measure both of these quantities on the surface of
SGs, but developing such techniques is an important future
goal. In the absence of such techniques, dewetting experiments
can potentially serve as a better proxy for enhanced surface
dynamics than Ds measurements. For example, one can probe
as whether enhanced dewetting rates can be observed in
hydrogen-bonding systems or whether in those systems the
strong network formation suppresses both Ds and τs, or
possibly decreases the thickness of the mobile layer. Such
future experiments can be important in verifying the utility of
dewetting experiments for predicting the stable glass formation
ability of a particular molecule.

■ CONCLUSION
In summary, we have investigated the stable glass formation of
two structurally similar compounds, namely TNB and α,α-A, at
room temperature. Stable glasses of these two compounds
were found to be approximately 1.3−1.4% denser compared to
their ordinary glass counterparts and similar in their fictive
temperatures (Tf = Tg − 33 K). We studied the surface
diffusion process of these two molecules in both liquid-
quenched and stable glass forms. In accordance with previous
reports, we found that on the liquid-quenched TNB glasses
surface diffusion is faster than its bulk diffusion by orders of
magnitude. The surface diffusion on the stable glass TNB
surface was also measured and it was demonstrated to be the
same as the LQ surface diffusion, indicating a decoupling of the
bulk and surface diffusion processes. In contrast, we observed
negligible surface diffusion for α,α-A within our experimental
time scale, despite the fact that it is structurally similar to TNB.
Both results indicate that Ds measurements are not an adequate
proxy for surface relaxation measurements or predicting the
ability of a molecule to form a stable glass.
To indirectly measure the enhanced surface relaxation

dynamics in α,α-A, dewetting experiments were performed
on ultrathin films of α,α-A well below bulk Tg. It was found
that films as thick as ∼10 nm have significantly enhanced
mobility compared to the bulk glass and that the TNB and α,α-
A have reasonably similar dewetting kinetics at a similar
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relative temperature compared to their bulk Tg. As such,
compared to the Ds measurements, dewetting experiments
provide a more accurate proxy for the enhanced surface
mobility as well as the depth of the mobile surface layer that
can both contribute to the process of stable glass formation.
Direct probes of surface relaxation dynamics as opposed to Ds
measurements should be developed in the future to better
understand the process of stable glass formation.
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