Signature of collective elastic glass physics in surface-induced long-range tails in dynamical gradients
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Abstract: Understanding the underlying nature of dynamical correlations believed to drive the bulk glass
transition is a long-standing problem. Here we show that the form of spatial gradients of the glass
transition temperature and structural relaxation time near an interface indeed provide signatures of the
nature of relaxation in bulk glass forming liquids. We report results of long-time, large-system molecular
dynamics simulations of thick glass-forming polymer films with one vapor interface, supported on a
dynamically neutral substrate. We find that gradients in the glass transition temperature and logarithm
of the structural relaxation time nucleated at a vapor interface exhibit two distinct regimes: a medium-
ranged, large amplitude exponential gradient, followed by a long-range slowly decaying tail that can be
described by an inverse power law. This behavior disagrees with multiple proposed theories of glassy
dynamics but is predicted by the Elastically Collective Nonlinear Langevin Equation theory as a
consequence of two coupled mechanisms: a medium-ranged interface-nucleated gradient of surface
modified local caging constraints, and an interfacial truncation of a long-ranged collective elastic field.
These findings support a coupled spatially local-nonlocal mechanism of activated glassy relaxation and
kinetic vitrification in both the isotropic bulk and in broken symmetry films.

Manuscript text: The underlying mechanism driving the experimentally observed kinetic glass transition
has been one of the most enduring and debated open questions in condensed matter physics'2. The
challenge is to explain the rapid growth upon cooling of the activation energy for structural (alpha)
relaxation in “fragile”® glass-forming liquids. Numerous theories have been proposed for this
phenomenon!. Most differ fundamentally in terms of the structural, thermodynamic, or dynamic property
and physical mechanism postulated to drive the growth of the apparent activation energy. Proposed
origins include loss of configurational entropy*®, loss of available free volume’, percolation of slow-
relaxing domains®, dynamical facilitation among a small subset of mobile particles®, emergence of glassy
elasticity on cooling®®, onset of particle localization!, and a coupled combination of long-range elasticity
and cage scale localization'>*3 both causally controlled by structural correlations. The core challenge of
the field has been an inability to definitively discriminate between these various theoretical approaches.

Considerable research for 35 years has sought to employ confinement and broken symmetry in thin films
and near interfaces to reveal the physics of dynamical cooperativity and thus to potentially resolve the
nature of the bulk glass transition’*'’. Moreover, activated spatially heterogeneous dynamics near
interfaces and under confinement is of high fundamental interest in its own right (e.g, for surface
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diffusion® and ultra-stable glass formation'®), and it bears on the behavior of the wide range of materials
that have internal or external dimensions on the nanoscale? including films?!, nanocomposites?, block
copolymers?, semicrystalline materials®, liquids in pores?, and many more. It is now established that
confinement and proximity to an interface can strongly modify the dynamics of glass-forming liquids, over
a considerably longer distance than interfacial or confinement-induced perturbations to thermodynamics
and structurel®!:2126-28 ' A challenge thus far has been a lack of sufficient knowledge of the spatially-
resolved form of these alterations to definitively distinguish between proposed mechanisms of bulk glass
formation and their alteration near interfaces. As reviewed recently®, specific and distinct predictions of
the spatial form of such gradients have been made by competing theories of glassy activated dynamics,
including the Random First Order Transition (RFOT) entropy crisis theory?, free volume percolation
theories®*°, the cooperative free volume model®!, dynamical ‘string’ theories based on the Adams-Gibbs
model®?, and the Elastically Cooperative Nonlinear Langevin Equation (ECNLE) theory3. The form of
interfacial gradients in Ty and relaxation time thus appears to offer an opportunity to genuinely distinguish
between competing theories of the glass transition.

Accordingly, here we perform long-time, large-system molecular dynamics simulations of a bead-spring
polymer thin film supported on a dynamically neutral substrate, in order to elucidate the spatial form of
the glass transition temperature (Tg) and structural relaxation time gradients out to large distances from
a free vapor surface. Our exploration of the long-range nature of this gradient is motivated by recent
predictions of ECNLE theory, which is a microscopic, force-based, particle-level theory for activated
dynamics in (originally bulk) glass-forming liquids'?*3, In both the bulk and near interfaces, ECNLE theory
predicts two additive and physically distinct, but intimately coupled, contributions to the total activation
barrier (Fit = Fs + Fe): a local cage scale barrier (Fs) associated with large amplitude particle hopping, and
a longer-range collective elastic barrier (Fe) associated with the need for facilitating small amplitude
elastic dilational displacements of all particles outside the cage to allow particle hopping. Recent ECNLE
theory calculations for dynamical gradients near free surfaces have predicted that the near-field T,
gradient decays in an exponential manner as a function of distance (z) from the surface, but at large
enough z decays as a scale-free inverse power law (~z1)3. The latter is a direct signature of the importance
of collective elasticity for structural relaxation, with ECNLE theory predicting that the elastic barrier
becomes increasingly dominant relative to its local cage analog upon cooling to T,*%*3. This power law tail
decay form is a unique prediction, which if validated would provide new support for the idea that
structural relaxation is of a coupled local-nonlocal character. After reporting our new simulation results,
we quantitatively compare the data with a new asymptotic analytic ECNLE theory analysis and higher-
precision numerical calculations for the spatial form of the T; and alpha time gradients.

In Figure 1a, we report the simulated normalized glass transition temperature shift gradient as a function
of distance z from the free surface of the film, where T; is defined on a computational relaxation timescale
of 10° 1y (about 100 ns) based on purely in-equilibrium relaxation data (see Figure S2 in the S| for the
underlying relaxation time temperature dependences). As can be seen in Figure 1a, the near-surface T,
gradient obeys an exponential form over the first 8-10 o (nm) from the free surface, consistent with prior
simulation studies of dynamics near vapor surfaces?®*43%, However, beyond z~100, the gradient
transitions to a long-range tail that has not previously been reported in simulation or experiment. Large-
z upward deviations from the exponential decay are well beyond uncertainty (propagated from standard
deviations over 3 film and 3 bulk runs) and are qualitatively robust to the choice of relaxation time versus
temperature fitting form and timescale convention employed to extract T (see Figures S3 and S4 in the



Sl). Moreover, since the film data are normalized by data from very large bulk simulations, the large-z tail
behavior cannot be an anomaly of normalization against a quantity that encodes a residual interface
effect. Figure 1a illustrates that the long-range tail of the T; gradient can be described as a power law with
a slope of -1, although other slowly-decaying empirical descriptions are likely possible given the z-range
of available data (which pushes the limit of current simulation capabilities) and their confidence intervals.
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Figure 1. Simulated (a) normalized Ty shift gradients (defined at a computational timescale of 10° LJ time units) and (b)
log(tabuik/Ta(2)) gradients (obtained at a temperature for which the bulk relaxation time is 10% LJ time units, using the form of
Schmidtke et al.?? to smooth data across multiple temperatures) vs normalized distance z/oc from the free surface. Data are
presented as mean values with error bars reflecting standard deviations propagated from data for 3 films and 3 bulk runs. Solid
black lines are fits of low-z data to a decaying exponential. Dashed black line is an inverse power law, z'1. Solid orange curve in
panel (a) is a fit to equation (6). Insets show the same data for a linear ordinate axis. ECNLE theory predictions for a spherical
particle model (diameter, d) of (c) T gradients and (d) log(tebuk/Ta(z)) gradients plotted on logarithmic scales vs normalized
distance z/d from the interface. Distinct data sets are results at very different choices of the vitrification timescale, as shown in
the legends, and lines are exponential and power law fits to theory results in the low and high z limits, respectively, as shown in
the legends.
As can be seen in Figure S5 in the SI, results for the alpha relaxation time gradient in Tabuik/T«(2) also exhibit

a 2-regime form: a double-exponential form dominates for z < 10 o (consistent with prior simulation and
experimental findings over this length scale range®25373%), followed by a longer-ranged tail. The form of
this tail is further clarified by fitting®® to data at multiple temperatures to obtain a reduced-noise
calculation of the relaxation time at low temperature. As seen in Figure 1b, the long-range tail of
log(tabuik/Ta(z)) can likewise be described by an inverse power law of essentially an identical form as found
for the T, gradient.



These simulation data are inconsistent with the
gradient forms predicted by multiple theories of
glass formation. RFOT predicts that the
difference between the film and bulk relaxation
rates decays exponentially with distance from
the surface?; this conflicts with the low-z regime,
where empirically the relaxation time decays in a
double-exponential manner. RFOT also does not
predict any long-range tail, and, as shown in
Figure S6, a multi-parameter fit of its predicted
dynamic gradient form?® does not qualitatively

describe the simulation data in either regime. @ S 95 9.9 ¢ @
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relaxation time gradient3! that does not agree
with either regime observed in simulation.
Alternative  phenomenological free-volume
based slow domain percolation models predict a
purely power-law T, gradient® and do not
qualitatively ~ capture  the  short-ranged
exponential decay that quantitatively dominates
the near surface behavior. The

Figure 2. Schematic of the film where “layers” are shown only for
illustrative reasons and density is homogeneous in all directions
within the film. The regions (1) and (2) correspond to the lower and
upper half space, respectively, of a hopping event characterized by
the center of the cage (radius rqge) located at z. The corresponding
collective elastic displacement field (u) of all particles outside the
cage has an amplitude set by the effective jump distance (Ares) and
depends on the defined distance variables z, h and s. The

phenomenological “cooperative string” theory
predicts a roughly double exponential decay of
relaxation times but does not capture the long-
range power law tail*2. Broadly, the far field
gradient appears to be qualitatively inconsistent

background is colored as the logarithm of r? /(sz+h2) and

cage
reports on the local elastic displacement absent the gradient in
Areg(z), with more yellow colors denoting larger displacements.
The left inset in red provides a schematic illustration of the
dynamic free energy as a function of tagged particle (diameter, d)
displacement, r, in a liquid of density p. The localization length (r.),

barrier location (rg), jump distance (Ar), and local cage barrier (Fg)
are defined. More details of the model and theory can be found in
ref. 33 and SI.

with theories based on a static or dynamic
length-scale that is cut off by a boundary in a
critical phenomena spirit. This observation is
strongly buttressed by prior results indicating a saturation (not an unbounded growth) in the range of
surface gradients (or intrinsic dynamic length scale) on cooling?®374142,

Instead, our finding of a short-range, large-amplitude (double) exponential gradient of (alpha time) T,
followed by a lower amplitude tail suggests two distinct physical mechanisms for dynamical gradients —
one medium-ranged and one long-ranged. The presence of two mechanisms for the gradient is then
suggestive of two coexisting physical effects driving slow dynamics in the bulk fluid. If we specifically
consider that an inverse power law describes our long-range tail data, such behavior is potentially
consistent with elastic activation theories that posit that much of the dynamic activation barrier in
sufficiently supercooled fragile liquids resides in a scale-free long range collective elastic field?®.

More broadly, this type of two mechanism-scenario is the hallmark of the ECNLE theory, based on its two
causally coupled barriers, as discussed above. The fundamental quantity in this theory is the dynamic free
energy that controls particle trajectories (see Figure 2), which is constructed from knowledge of the pair
structural correlations, and from which both barriers and the alpha relaxation time can be predicted.



ECNLE theory has been shown to capture well, often with no adjustable parameters, the temperature and
density dependences of the relaxation time of diverse bulk glass-forming liquids and suspensions,
including hard spheres, colloids, small molecules, and polymers'*343, where “cooperativity” and the non-
Arrhenius nature of the alpha time are dominated by the collective elastic barrier.

In the symmetry broken film (see Figure 2), both barriers in ECNLE theory depend on distance from the
free surface via the z-dependence of the dynamic free energy, solely for kinetic reasons not related to any
local gradient in structure or thermodynamics induced by an interface. Rather, the interface enters
simply as a step function separating a vapor of zero density from a liquid of bulk density, p. The spatially
heterogenous relaxation time gradient is a consequence of 3% (i) softening of dynamic cage-scale
constraints nucleated at the surface due to loss of nearest neighbors, which are transferred into the film
via a layer-by-layer facilitation-like process which fully controls the local cage barrier gradient, and (ii) a
gradient in the elastic barrier driven by 3 effects: (a) a z-dependent amplitude of the elastic displacement
field (set by the effective jump distance, Ar,¢¢), (b) a z-dependent local elastic modulus or harmonic spring
constant of the localized state (Ko) which varies as the inverse square of the dynamic localization length
(r)), and (c) geometric truncation of the elastic displacement field at the vapor interface. The local z-
dependent quantities Ar, ¢ and Ko, which grow with cooling or densification, decay exponentially towards
their bulk values with increasing distance from the interface with a characteristic length scale of a few
particle diameters*. Prior work focused on dynamic gradient predictions within the first ~10 particle
diameters of the interface, where the theory has been shown to correctly predict the exponential decay
of Tg(z) and the double exponential decay of the alpha time in the immediate vicinity of the interface, as
well as spatially inhomogeneous decoupling®, and factorization of the spatial and temperature
dependences of the total barrier?®33, However, at large enough distances from the interface where Fs,
Arrr and Koall attain their bulk values, the elastic barrier still varies with increasing z but only due to the
cutoff of the displacement field at the vapor interface. This is the physical origin of the long-range inverse
power law decay of dynamic gradients of T; and alpha time predicted by the theory, as briefly discussed
previously®.

To better understand the predictions of ECNLE theory for the long range tail of the dynamic gradients we
have carried out a new analytic analysis (with prefactors) using the same foundational hard sphere fluid
model employed previously®. As discussed above (and see Figure 2), for a relaxation event far from the
interface (z>>d) the total barrier is spatially varying only due to the elastic displacement field cutoff effect.
The theory predicts that the maximum amplitude of the displacement field is sufficiently small that a linear
elastic analysis of its form, and hence a harmonic calculation of the corresponding elastic barrier, is valid*?.
Thus, summing the elastic energy of all particles outside the cage® (see Figure 2 and S| for details), the
contribution to the elastic barrier from the upper half-space is simply half of its bulk value,
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where F is the bulk elastic barrier, ruge is the cage size determined from the bulk pair correlation
function g(r), and the geometry variables s and h are defined in Figure 2. The subtractive term in equation
(2) varies as 1/z and is a direct consequence of the cutoff of the elastic displacement field at a planar
interface. Combining Eqs(1) and (2) yields
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Per standard ECNLE theory analysis'?33, the mean alpha time is identified with the mean Kramer’s time to
cross the barrier of the z-dependent dynamic free energy including elastic barrier physics. At large z this
leads analytically (see Sl) to the conclusion that both the logarithm of the mean alpha time and the relative
deviation in T, obey the same inverse power law for z>>d,

T, i =T, (2) - E,l;u[k
T
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Given that prior ECNLE theory studies have shown numerically and analytically predicted®® (well-verified
in simulation?®3°) that the near-field gradients in the T, deviation and log(ta(z)/Tssuk) are exponential, we
can now propose convenient approximate analytic forms for the full gradients by simply summing the
predicted two asymptotic (near and far from the interface) functional forms to obtain:

T, ou—T
%z/iexp[—éj+§ (5)
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Equations (5) and (6) do not represent the full ECNLE theory numerical calculations; rather they are
inspired by the ECNLE analytic asymptotics, which we can employ to analyze our simulation data. As seen
in Figure 1a, this form provides an excellent fit to the simulated T, gradient data over the full z-range
probed (with A, B, and § for the simulated Tg(z) gradients equal to 0.20, 0.034 and 2.6 o, respectively).

To buttress the above asymptotic analytic analysis we perform new, more numerically accurate, ECNLE
theory calculations of the long-range gradient. These involve no fitting parameters and exhibit (as
expected) a modestly more complex crossover between the low-z and high-z asymptotic regimes than
described by equations (5) and (6); see the Methods section and Sl for implementation details. We
emphasize that no physical adjustments have been made to the prior theory in these new calculations to
accommodate the new simulation data above. Rather, they involve only more precise numerical
computation of the long-range tail and elastic barrier. Figures 1c and 1d explicitly show that the numerical
ECNLE theory results capture the simulation findings for both the Tg(z) and t«(z) dynamic gradients: a
short-ranged high-amplitude (double) exponential gradient for (ta(z)) Tg(z) is predicted to cross over to a
weak power law decay for large z. Within the modest difference in the elementary length scales d and ¢
(see Methods), theory and simulation are in semi-quantitative agreement for the key features of the
decay: the crossover distance from exponential to power law (~ 10 segmental or bead diameters); the
fractional recovery of bulk-like Tg at this crossover (~ 1.5 order of magnitude drop in T perturbation from
the free surface), and the slowly-decaying tail in T,. It is notable that this agreement is found despite the
fact that the theory is implemented for the simple hard sphere model, thus emphasizing the semi-
universality of these gradient effects. The two-regime nature of the T, gradient, its initial exponential
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Figure 3. ECNLE theory predictions of various (normalized by the bulk) dynamic quantities as a function of dimensionless
distance from the interface on a logarithmic (a) and linear (b) distance scale. Results are shown for the inverse dynamic
localization length, 1/r., local cage barrier, Fg, elastic barrier, F., total barrier, F.o:=Fs+Fe;, and glass transition temperature.

decay, and the power-law form and slope of the long-range tail are unambiguous signatures of the ECNLE
theory physics: interface-perturbed medium-range softening of cage constraints (affects both barriers)
and a longer-ranged geometric cutoff of the associated elastic displacement field. The good numerical
agreement between theory and simulation provides further support for the basic physical ideas of ECNLE
theory under broken symmetry film conditions.

A natural question is whether the behavior described above may qualitatively change at timescales
appreciably longer than those accessible to simulations. In this regard, we recall that prior simulation,
experimental, and ECNLE theory studies all have indicated that local alpha relaxation times in films obey
a fractional power law decoupling relation with its bulk analog,?3*3"4> an important consequence of
which is that T, gradients deduced from equilibrium dynamics are relatively timescale insensitive®.
Indeed, as shown in Figures S3 and S4 in the SI, when the timescale convention for determination of T,
from the simulations is varied by two decades, the qualitative behavior is preserved, with a weak trend
towards stronger power law tails at Jower temperatures. ECNLE theory extends the analysis of this
question to much longer experimental timescales. As shown in Figure 1c, the predicted T, gradient varies
only weakly as the timescale convention is changed over an enormous range from simulation to
experimental timescales, and in a direction consistent with simulation. Recent experimental evidence
confirms that the near-interface double-exponential relaxation time gradient persists until at least near
the experimental-timescale T, determined from a laboratory 100 s vitrification criterion, with an intrinsic
dynamic decay length comparable to that reported here from simulation and theory®. While those
experiments did not probe sufficiently deeply into the film to access the regime where the power-law tail
reported here is expected, combined with our simulations the experiments do set bounds on the tail
behavior — at simulation timescales, the power law is relatively low in magnitude and likely grows weakly
on cooling; however, it is not so strong at the experimental T; as to overwhelm the near-surface
exponential (double exponential) gradient of T, (relaxation time).

The experimental impacts of the long-range tail we report will be difficult to resolve in most mean-film-
property measurements. The most sensitive of these measurements have provided some insight into the
distribution of relaxation times within the film, such as dielectric spectroscopy measurements reporting
on broadening of the mean relaxation process in films relative to bulk®. These experiments point to the



presence of a domain of faster dynamics near the surface, but the observed broadening is dominated by
the short range double-exponential gradient in .. The effect of the long range contribution to the gradient
would be within the extreme tail of this film-averaged distribution, and whether the long-range gradient
tail could be extracted or inferred from film-averaged data will require future quantitative theoretical
analysis. We believe the experimental prospects are challenging given practical uncertainties and
convolution with the bulk breadth of the relaxation process. Similarly, experiments that employ optical
photobleaching have pointed to the presence of two relaxation processes in the film below T, with one
attributed to surface relaxation and one to bulk-like relaxation?’. This behavior (and also broadening of
the film-averaged frequency-domain dielectric loss) has been previously predicted by the ECNLE theory*®.
However, it is dominated within the theory by the steep near surface double-exponential gradient of the
alpha time relaxation time and is likely not a good target for experimental observation of the long-ranged
tail. One possible whole-film target for observation of these effects may be in intermediate-thickness
films, where the spatially long range tail can compensate for its relatively low magnitude resulting in an
appreciable contribution to the overall shift in relaxation time or T,. Indeed, this long range tail is likely
responsible for our recent simulation report of excess accelerations in dynamics in intermediate films
relative to what would be expected from exponential gradients alone.

Concerning the ECNLE theory predictions on the 100 s timescale of the glass transition temperature
gradient in Figure 1d, the quantitative results suggest that direct spatially-resolved experimental
observation of the power law tail in T, would require sub-Kelvin sensitivity to Tg shifts, which would likely
be extraordinarily challenging in conjunction with the demand for spatial resolution. More promisingly,
observing the long-range tail in the relaxation time spatial gradient would require sufficient sensitivity to
detect timescale shifts of order 10% to 60% - relatively tractable from a sensitivity standpoint. However,
the demand that these measurements be spatially-resolved out to distances of several 10’s of nm from
the interface will require new advances in spatially resolved measurements near interfaces to extend
further into the material'®49%0,

Importantly, ECNLE theory also predicts how the amplitude of the power-law tail varies with chemistry,
and for the same physical reason it predicts a modest dependence on vitrification timescale criterion.
Within the theory, the relative magnitude of collective elastic to local cage barriers at Tg is nonuniversal,
and directly related to the bulk dynamic fragility®! (see also SI). Liquids with a weaker relative contribution
from collective elasticity (e.g., strong glass formers) are predicted to exhibit a weaker long-range power
law tail in their interfacial dynamics gradient (see Sl). This provides an additional testable prediction for
future simulations and experiments possessing sufficient sensitivity to resolve the dynamic gradient tail.
The question of the dependence of perturbed surface dynamics on materials chemistry has long been a
focus of the field for both practical and fundamental reasons, and very recent experimental results have

indeed suggested a strong dependence of these perturbations on the bulk liquid dynamic fragility>%>3,

To conclude, the discovery of a long range, apparently scale-free dynamical gradient induced by a single
interface suggests that low-magnitude interfacial perturbations to Ty and dynamics in nanostructured
materials can persist over a remarkably long range. Indeed, a 1/z power law tail in Tg(z)and t4(z) formally
has an infinite range (divergent zeroth and first moments), which based on our theoretical analysis is not
expected to change at an ultra large distance from the interface. Our findings may provide a theoretical
starting point for understanding the puzzling observation of exceptionally long range interfacial
perturbations of T in a variety of experimental systems, including polymeric bilayer films®*%,
Fundamentally, our core simulation findings provide a new direct validation of a signature foundational



prediction of ECNLE theory — that collective elasticity plays a critical role in structural relaxation in deeply
supercooled liquids. This provides further support for this approach which has successfully addressed
other diverse glassy phenomena including: nanoconfinement effects on equilibrium dynamics over a large
range of film thicknesses®; the temperature and density dependences of the bulk alpha relaxation time
in a large range of polymers*, small molecules®?, and colloidal glass formers??; the emergence of diffusion-
relaxation decoupling in deeply supercooled liquids®; and a non-causal relationship between
thermodynamics and dynamics in molecular, polymer and inorganic glass forming liquids®®.
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Methods

Details of the simulations, which employ a bead-spring polymer model®” modified to exhibit exceptional
crystallization resistance®, are provided in the SI. Simulated films, which are approximately 50 segmental
(bead) diameters (o, approximately 1 nm) thick and comparably wide (~40 x 40 o), are supported on a
nearly dynamically neutral substrate such that dynamical perturbations in the film are dominated only by
a single free surface. Films are supported on a substrate with a substrate-polymer pairwise interaction
strength that is tuned to be 51.1% of the polymer-polymer bead interaction strength, which yields almost
no local gradient in dynamics (see Sl Figure 1). As compared to the large literature of molecular simulations
of two-interface freestanding films*®25°°, this allows for quantification of altered dynamics much further
from the dynamically active free surface without interference by a second surface gradient - up to at least
35 ¢ (about 35 nm) from the free surface. Corresponding bulk relaxation times at the lowest temperatures
simulated approach 10° LJ time units 1y (about 100 ns). We compute Tg(z) by fitting the temperature
dependence of the relaxation time tq(z) at each position z and then defining their T,(z) as the temperature
at which the local relaxation time is 10° Lennard Jones time units. We perform this fit using two very
different widely employed empirical functional forms — the Vogel-Fulcher Tammann equation®%! (results
shown in Sl) and the Cooperative Model of Schmidtke et al.*’ - to ensure that the results are not a
consequence of the choice of fit form. Three replicas of this simulation and of the corresponding bulk
system are simulated, and error bars are propagated from these replicas. Together with averaging over
multiple runs, this protocol provides sufficient range and sufficient statistical power to resolve the long-
range form of the gradient in glass transition temperature emanating from a free surface.

In order to numerically compute Tg(z) gradients from ECNLE theory, we adopt a well-established
method'*% to map the hard sphere model to a typical fragile liquid (polystyrene)*® at 1 atm (additional
details in SlI). We also present numerical relaxation time gradient calculations which are not tied to the
polystyrene mapping. For the simulated flexible polymer bead-spring model, the elementary length scale
o is expected to be of order, but modestly smaller than, the hard-sphere theory diameter d based on the
mapping procedure for polymers* and prior simulation-theory studies®.

Data Availability Statement

All relevant data are included in the paper and/or its supplementary information files. Raw simulation
trajectory files, which are prohibitively large, are available upon reasonable request from DSS.
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