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Simulation methodology

Simulations employ the short-FENE polymer model® that is
modified from the standard Kremer-Grest model? to exhibit en-
hanced crystallization resistance via the shortening of backbone
bonds. Prior work has shown that the glass formation behavior
of this polymer is similar to that of the standard Kremer-Grest
model, including under nanoconfinement®#. Each chain is com-
prised of 20 beads, with a total of 10,000, 128,000, and
1,024,000 beads yielding films of thickness 15c, 470, and 97
respectively. For each size, both a thin film and bulk system are
simulated.

Molecular dynamics simulations are performed using
LAMMPS (Large-scale Atomic/Molecular Massively Parallel
Simulator)®. Temperature control is performed via the Nose-
Hoover thermostat, as implemented in LAMMPS, with a damp-
ing parameter of 2.0. Bulk simulations are performed in the
NPT ensemble at zero pressure, employing a Nose-Hoover bar-
ostat with damping parameter 2.0 for pressure control. Free-
standing film simulations are nominally performed in the NVT
ensemble, but the presence of free surfaces yields an effective
NPT ensemble for the film. Simulations employ an integration
time step size of 0.005t.;, where 1, is the Lennard Jones unit
of time. Periodic boundary conditions were applied in all cases
except where otherwise noted.

Film simulations were initiated from a random configuration
generated in Packmol®. This initial configuration was subject to
an isothermal equilibration at an initial high temperature (T =
1.3, T=15, and T = 1.3 for the films of thickness 15c, 470,
and 970, respectively) for a duration of 50007;. During this in-
itial equilibration, boundaries in the box dimension normal to
the film surface employed a reflective rather than periodic
boundary condition. Film formation was encouraged by em-
ploying an anisotropic box with the z dimension considerably
larger than the x and y directions, and with a total box volume
considerably greater than that required to fit the chosen number
of chains at their liquid-state density. In all cases at least 46 of
empty space was maintained above and below the films after
film formation, with the box dimension in the direction normal
to the interface slightly adjusted with cooling to maintain this
amount of space. This adjustment was necessary because of in-
termittent simulation crashes observed in LAMMPS in the pres-
ence of larger void spaces. Bulk systems were generated with
an equivalent protocol, but employing a constant pressure
boundary condition.

After this initial high temperature equilibration, each system
was subject to a thermal quench at a rate of 10 T/z;. Temper-
atures selected to provide an approximately even spacing in re-
laxation time are saved during this quench, with each configu-
ration subject to a post-quench equilibration of at least 10 times
the segmental relaxation time determined at that temperature.
The quench and anneal strategy is a standard approach to
achieving equilibrium configurations over a broad range of tem-
perature in recent simulation work studying the glass transi-
tion.>*7-16 Data is then collected over a period of approximately
ten times the segmental relaxation time at each temperature to
allow accumulation of sufficient statistics.

Simulation analysis

Segmental relaxation time was characterized via the self-part of
intermediate scattering function:

13 .
Fa(00) = X(ee[-a(n 0 -r0)]) st
where q is the wavevector, t is time, N is the number of particles
in the system, and r;(t) is the position of particle j at time t. This
relaxation function was computed at a wavenumber of 7.07,
comparable to the first peak in the structure factor, by averaging
over many randomly chosen wave vectors comparable to this
wavenumber. For interpolation purposes, the results were fitted
to the Kohlrausch-Williams-Watts (KWW) stretched exponen-
tial functional form*”8, The relaxation time was then defined
by convention as the time at which this relaxation function de-
cays to a value of 0.2, consistent with a large body of recent
simulation work®-2L,

In order to determine the positions of the film’s surfaces, each
simulation box was divided into 500 bins in z direction and den-
sity was computed in each of them. Then, the location of the
interface was determined as the location at which the density is
equal to half of the bulk density at the same temperature. Fi-
nally, the film is divided in layers of 0.875 ¢ measured from
each of the interface for analysis of dynamical properties at a
local level.

Impact of choice of fitting parameters

The main text presents results of fits of data in Figure 2a to
equation 7 employing fixed values of &, = 0 and w = 2. As shown
in Figure S 1, results of a free fit to all parameters support these
constraints for z < 7. Similarly, the values of the other three pa-
rameters are not substantially altered in this range by imposition
of this constraint, albeit with a reduction in scatter due to the
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Figure S 1 Fitting parameters for fits of data shown in figure 3 in the main text to equation 7 in the main text, plotted vs the distance z from
the interface. Red circles are the parameters of a fit with all parameters in equation 7 treated as adjustable; blue diamonds are parameters
for fits constrained to w = 2 and en = 0. The latter fit is the one employed in the main text. Error bars are 95% confidence intervals.

reduction in free fit parameters. Beyond z = 7, parameter uncer-
tainties become excessively large due to the very weak extent
of decoupling observed at these high z.

Robustness of results to choice of functional form

In order to confirm that the finding of a low-temperature plateau
is not sensitive to the choice of functional form, we additionally
fit the data in Figure 2a of the main paper to several spline
forms. We specifically employ several smoothing splines, as
implemented in Matlab. Within this implementation, the choice
of a smoothing parameter p interpolates between a straight line
fit at p = 0 and a cubic spline at p = 1. We perform fits with

smoothing parameters of p = 0.4, 0.6, and 0.8. All of these
splines yield fits with high R2. As in the main paper, we then
differentiate these fits to yield a determination of ¢ as a function
of bulk relaxation time. As shown in Figure S 2, all of these
splines are in general agreement with the results of the cosh
form, with some modest deviations at the shortest relaxation
times. All agree qualitatively on the emergence of a plateau in
€ at low temperature, corresponding to a low-temperature frac-
tional power law relation between local film dynamics and bulk
dynamics.

We additionally seek to ensure that this plateau is not the result
of an edge artifact in the fitting process. To do so, we truncate
the data in figure 2a in the main manuscript at shorter timescales
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Figure S 2. Comparison of € vs t» data as determined via fits to
equation 7 in the main text and to several smoothed splines
with smooting parameters indicated in the legend. Distinct
line colors represent different distances from the surface, as
indicated in the legend.

than the longest available and refit the data to determine
whether this leads to an appreciable alteration in the fit to long-
time data. As shown in Figure S 3, the results of this truncation
process indicate that edge effects are possible within at most the
last decade of data included in the fit and are in most cases small
in magnitude. This weak magnitude is particularly the case near
the surface of the film where the plateau is most well developed
within the accessible time range. Since turnover to a long-time
plateau is reflected well before the last decade of data included
in the fit, fitting edge effects are not a plausible origin of this
observation; it is evidently a genuine feature of the data.

Relaxation behavior at long range

Figure 2 in the main text truncates relaxation time data atz <7
to focus on the regime for which deviations from bulk are suf-
ficient to allow analysis with good statistics. To illustrate that
dynamics at long range indeed recover their bulk like behavior,
in Figure S 4. we extend figure 2 in the main text to include
layers deep into the film.

Comparison to temperature shift approaches

As noted in the main text, multiple prior efforts have attempted
to describe interface effects on dynamics via various types of
temperature shift methods. For example, Napolitano et al em-
ployed a position-dependent Vogel temperature??, within an
empirical Vogel-Fulcher-Tammann rate law?*2*, to describe re-
laxation data in thin films. Alternately, Forrest and Dalnoki-
Veress employed a ‘rheological temperature’ approach wherein
the local dynamics within the film at a temperature T are taken
to instead be characteristic of bulk dynamics at some other tem-
perature T,.%°

Any means of quantifying shifts in dynamics can formally be
recast in terms of a temperature-dependent and thickness-de-
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Figure S 3. Comparison of € vs t» data as determined via fits to
equation 7 in the main text employing data truncated at a max-
imum bulk timescale of 105 71 (the full data set), 10% t;, or 103
1y, as indicated in the legend. . Distinct line colors represent
different distances from the surface, as indicated in the legend.

pendent or position-dependent rescaling of the activation bar-
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Figure S 4. As in figure 2 of the main text, local film relaxation
times normalized by bulk relaxation times at the same tempera-
ture, plotted vs bulk relaxation times. The bottom layer is at dis-
tance 0.4375 o from the interface, with layer distances progres-
sively increasing in 0.875 o increments upward along the figure.

rier. The key finding in the main manuscript is that this rescal-
ing factor saturates to a constant value below some onset tem-
perature for any given location in the film, such that the barrier
in a thin film can be factored into one bulk-like factor that is
temperature-dependent only and one surface-sensitive factor
that is position-dependent only. Here we show that this finding
is unique to the present approach and that previously established
temperature-rescaling strategies lead to a barrier rescaling that
is both temperature and position dependent.



We begin, consistent with Napolitano et al??> and others?*?’, by
employing an empirical VFT form with a thickness dependent
Vogel temperature to describe thin film dynamics:

BT, (h)
T.,h)=7 exp| —>2| (S2
7(T.h)=z, p{T _To(h)} (S2)
where the breadth parameter B is taken to be unmodified from
its bulk value. We can rewrite this in terms of a standard acti-
vation model with a temperature-dependent effective barrier,

B AE(T,h)
T(T,h)rwexp{k_l_}, (S3)
where

_ To(h)
AE(T,h)—BkTT_TO(h) . (S4)

In the infinite film thickness limit, this must recover the bulk

behavior,
kT |’

7(T) =1, exp{

with
TOB
AE, (T)=BKT e (S6)

0B
where “B” subscripts denote the bulk state.

If we combine equations (S3) and (S5) for the thin film and
bulk, we can arrive at an expression for the relaxation time re-
duction in a film of thickness h at a temperature T:

#(T.h) AE, (T)( AE(T,h)
7o (T) meXp[ kT [AEB(T) _1ﬂ' 7)

We can rewrite this in a form similar to equation 4 in the main
manuscript:

T 7(T.h)AE,(T)
g oc eXp {kT} , (S8)
where
_TO(h) T_TOB _
;/(T,h)— T T—To(h) 1. (S9)

Comparing with the thin film VFT equation above, we can then
write this as

AE(T,h)=y(T,h)AE,(T). (S10)
Crucially, in contrast to equation 4 in the main manuscript,
which has y =y(T)=y(T,h), here the rescaling factor on the
free energy depends on both thickness (or position) and temper-
ature, such that the thermal and position dependences of the bar-
rier cannot be factored.

In the related rheological temperature approach, the dynamics
of the system at a position z within the film are simply treated

as behaving as the bulk system but at a modified temperature T,
denoted the rheological temperature, i.e.

_ AE, (T)
rB(T)rmexp{ T } (S11)

and

(T, 2)=1, expl:AElfT(T('z()z))} , (S12)

where we can understand the rheological temperature as reflect-
ing a position-dependent temperature ‘adjustment’ AT,
T.(2)=T —AT(z). For convenience of comparison with the

former approach we now employ an approximate VFT form for
the temperature dependence of the relaxation time, yielding

BTos ] . (S13)

T.7)= _ Ples
o(T2) T”eXp{T—TOB—AT(z)

Rearrangement of this equation and comparison with the bulk
VFT barrier given by equation (S6)

7(T,2) (T.z)AE(T)

() ocexp{y T } (S14)
with

y(T,z):[lfi{éZ} . (S15)

Thus this approach again reduces to a barrier of the form given
by equation (S10), albeit with an altered form for y. Crucially,
however, the barrier rescaling is again temperature dependent
in contrast to equation 4 in the main manuscript.
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