Temperature-independent rescaling of the local activation barrier
drives free surface nanoconfinement effects on segmental-scale

translational dynamics near Tg
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ABSTRACT: Near-interface alterations in dynamics and glass formation behavior have been the subject of extensive study
for the past two decades, both because of their practical importance and in the hope of revealing underlying correlation
lengths underpinning glass transition more generally. Here we employ molecular dynamics simulations of thick films to
demonstrate that these effects emerge, for segmental-scale translational dynamics at low temperature, from a temperature-
independent rescaling of the local activation barrier. This rescaling manifests as a fractional power law decoupling relation-
ship of local dynamics relative to the bulk, with a transition from a regime of weak decoupling at high temperatures to a
regime of strong decoupling at low temperatures. The range of this effect saturates at low temperatures, with 9go% of the
surface perturbation in the barrier lost over a range of 12 segmental diameters. These findings reduce the phenomenology
of Ty nanoconfinement effects to two properties — a position-dependent constant barrier rescaling factor, and an onset
timescale — while substantially constraining the predictions required from any theoretical explanation of this phenomenon.

One of the major questions in the understanding of poly-
mer dynamics over the last 20 years has been the nature of
apparent alterations in the dynamics, mechanics, and glass
formation behavior of polymers and other glass-forming
liquids in the nanoscale vicinity of interfaces*®. Evidence
suggests that these effects, commonly referred to as “nano-
confinement effects on the glass transition” are in most
(but perhaps not all?) cases driven by interfacial gradients?.
The origin of these shifts and even their precise phenome-
nology remain unresolved questions, which are relevant
both to the design of diverse nanostructured materials and
the understanding of putative correlation length scales as-
sociated with glass formation itself.3° Here we analyze
long-time molecular dynamics simulations of thick bead-
spring polymer films to show that nanoconfinement effects
on segmental-scale translational dynamics take the form of
a position-dependent fractional power-law decoupling re-
lationship with bulk dynamics. This finding indicates that
nanoconfinement effects are driven by a simple position-
dependent rescaling of the activation barrier to relaxation,
considerably simplifying the phenomenological picture
and providing a profound constraint on theories aiming at
its prediction.

We begin by highlighting an apparent discrepancy in the
literature that motivates this new picture. Several years
ago, our group noted that, if one quantifies in simulation a
commonly defined length scale"™5 & over which dynamics
near a free surface return to their bulk value, this distance

obeys an Adam-Gibbs-like relationship with the segmental
translational relaxation time in the film?*:

lOg T film = A+ Bfr/T (1)

This relation, or nearly equivalent relations, have now been
shown to hold at a variety of simulated interfaces >1316,
However, Zhou and Milner recently demonstrated that the
same relation holds if one instead employs the bulk relax-
ation time on the left hand side?. This poses a quandry.
Except for very thin films, & is insensitive to film thickness,
as it reports on a surface region of perturbed dynamics that
exists even at the surfaces of bulk materials. On the other
hand, tpm depends on film thickness due to averaging over
the very surface gradient reported on by ¢. Equation (1)
thus seems to connect a thickness-dependent quantity to
at thickness-independent quantity - an apparent contra-
diction. This set of observations suggests that film dynam-
ics obey a fractional power-law decoupling relationship
with bulk dynamics, with a film-thickness dependent de-
coupling exponent:

<T(/’l)> oc rB<’(h)> (2)
or
(()/ry = 2, )

where y is the coupling exponent, € =1 - y is the decoupling
exponent and brackets indicate overall film values.
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Figure 1. () Mean film relaxation times as a function of
inverse temperature for bulk system (purple circles) and 15 ¢
(blue diamonds), 47 o (red squares), and 96 o (green
trianges) films. (b) Mean film relaxation times plotted vs
bulk relaxation times for the same systems. Black lines are
fits of data beyond tb = 100 to equation (2). Inset shows the
coupling exponent obtained from these fits as a function of
film thickness.

Before further discussing the implications of this relation,
we employ molecular dynamics simulations of dynamics in
model polymer thin films and their bulk analogues to
demonstrate that it describes dynamics in freestanding
thin films. We study films comprised of 20-bead chains
modeled via an attractive bead-spring polymer model®.
We simulate three thin film systems and their bulk ana-
logues, with thickness of approximately 15 o, 47 0, and 97
o (where o converts approximately to nm in real units'9>).
We measure translational segmental relaxation times via
the decay of the self-part of the intermediate scattering
function at a wavenumber comparable to the first peak of
the structure factor, consistent with a common wave-
number convention employed throughout the litera-
ture™922>-28 Resulting mean film relaxation times <>,
which exhibit an enhancement in dynamics with
decreasing film thickness, are shown in Figure 1a . See SI
for additional methodological details.

If the film relaxation dynamics obey a fractional power-law
decoupling relation with bulk dynamics, they must follow
a linear relationship with bulk dynamics in the log-log
plots suggested by equations (2) and (3). As shown by Fig-
ure 1b, this is indeed the case at an overall film level below
an onset timescale in the vicinity of 100 ti). The dynamics
of layers of thickness 0.875 o, when similarly plotted
against bulk relaxation times in the manner suggested by
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Figure 2. (a) Local film relaxation time normalized by bulk
relaxation times at the same temperature, plotted vs bulk re-
laxation times for layers of mean distance from the interface
shown in the inset. Black lines indicate regions of low-tem-
perature linearity Colored lines are fits to equation (7) as de-
scribed in the text. (b) Decoupling exponents obtained via
differentiation of these fits for the same layers of increasing
distance from the surface from top to bottom. Circles and tri-
angles denote the crossover midpoint log(t.) and plateau on-
set point log(tc)+w, respectively, for each layer. Lines are
guides to the eye.

equation (3), likewise exhibit a regime of low-temperature
linearity indicative of a fractional power law relationship of
local dynamics with bulk dynamics (Figure 2a).

This low temperature decoupling of film dynamics relative
to bulk implies a simple, temperature insensitive rescaling
of the effective barrier to relaxation near interfaces. Com-
bining equation (2) with a generalized activation model
with a temperature dependent barrier gives

Z2)AEpu (T
7(z.T) o exp 7(2) ABwu (T)
kT
(4)
This, in turn, implies that the activation barrier at a dis-
tance z from the interface (or the mean barrier in a film of
thickness h) can be separated into distinct temperature
and position dependent factors:

AE(Z,T) = 7(Z)AEbu1k (T) (5)

Here, the first factor is the low-temperature nanoconfine-
ment effect; the second factor merely describes the bulk
state. In essence, at the level of the underlying barrier,
nanoconfinement effects are not temperature dependent
beyond the onset temperature. They instead produce a
simple temperature-invariant rescaling of the activation



barrier. We note that, since dynamics near T, do not gen-
erally obey an Arrhenius rate law (and certainly do not in
this model system), this is a highly nontrivial result. This
rescaling of the activation barrier provides a significant
constraint on any theoretical explanation of this phenom-
enon and therefore on the glass transition more generally.

From a practical standpoint, combination of equations (2)
and (5) with the Vogel Fulcher Tammann functional
form2o3° indicates that, after accounting for prefactor ef-
fects, the film-thickness dependence of T, reports on the
film-thickness dependence of y:

T, () - T Inzo / phulk
T bk =7(h) 1= lnzg / bk (6)

where To and t are the extrapolated divergence tempera-
ture and prefactor within the VFT model, z, is the conven-
tional timescale of the glass transition, and superscripts of
“bulk” denote values in the bulk state. Since equation (5)
indicates that ¥ =AEu,/AEwx , equation (6) more deeply

indicates that, ignoring prefactor effects (which would be
expected to become significant if the onset timescale of de-
coupling approached the 100 second timescale of Ty), the
film-thickness dependence of T, quantifies the rescaling of
the activation barrier with decreasing film thickness. This
finding suggests that measurements of altered film Tg’s,
may have a deep connection to fundamental physics.

Studies over the last decade have raised important cautions
when connecting whole-film T, measurements with dy-
namics*3. Thin-film T, determinations can be sensitive to
the metrology used, with important differences between
measurements probing pseudothermodynamics, dynamic
relaxation, and high-frequency dynamics. Recently, we
have shown that many of these differences can be under-
stood based on differences in how these film-average
measurements weight over local gradients in dynamics; in
other words, these measurements probe different mo-
ments of underlying dynamic distributions’>3*33, a proposi-
tion consistent with a larger body of literature3+39. It re-
mains possible that underlying relaxation functions
probed by these metrologies may themselves be decou-
pled; further work is needed in this areas*. However, these
findings imply that, if applied at a whole film level and with
an intent to make quantitative comparisons in particular,
these averaging effects must be taken into account when
applying equation (6) or other similar relations.

With this in mind, how do these simulation results com-
pare to experiment? While there is considerable variation
in the magnitude and range of these effects"'>4°-48, experi-
mental observation in thin films and in supported films for
which the free surface is dominant (as indicated by a drop
in T,) often report an onset length scale in the loose range
of 60 nm (with largest ranges reported in the hundreds of
nm#748), with T, suppressions in the range of 10’s of percent
in the 10-15 nm range#5. As shown by Figure 1b inset,
whole film coupling exponents <y> obtained by fits of this
low temperature regime to equation (2) decrease with de-
creasing film thickness, with a similar onset thickness and
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Figure 3. (a) Decoupling exponent vs distance from the
surface. Black diamonds denote the limiting low
temperature value g(z); the other points correspond to
exponents determined at bulk relaxation times indicated
in the legend. The solid line is an exponential fit to the
g/(z) data. (b) Decay length scale &xr(tp) for the exponen-
tial decay of e(z) (blue squares), position of the crossover
midpoint (black circles) and plateau onset point (black di-
amonds) vs bulk relaxation time. The solid line indicates
the limiting low temperature value of &ar.

magnitude, as is expected by equation (6). While a quanti-
tative comparison of the magnitudes of these effects would
be inappropriate given the complications noted above in
comparing dynamic and pseudothermodynamic T data, a
qualitative agreement of the range and magnitude of these
effects indicates that the decoupling scenario described
above is reasonably consistent with experimental findings.

Beyond simple agreement with experimental T trends in
freestanding films, these findings have the potential to ex-
plain recent reports that, apparently unlike simulated bead
spring models, some experimental glass formers exhibit an
apparent onset time scale of nanoconfinement effects in
the range of milliseconds*%. We suggest that the onset
timescale of thin film decoupling identified above is a plau-
sible candidate for this phenomenon. In particular, the ex-
perimental ‘fan plots’ of Fakhraii and coworkers (see for ex-
ample figure 5 in Glor et al.5?) are consistent with what the
present viewpoint would anticipate in terms of the temper-
ature dependence of dynamics below this onset point.
While this onset is observed at ns timescales in this very
minimal polymer model, real chemistries possess more
complex potential energy landscapes, potentially delaying
the onset of the point at which surface effects appreciably
truncate the relaxation barrier. It is furthermore possible



that this time scale depends on the choice of relaxation
function. Further research on the dependence of the de-
coupling onset time on chemistry and relaxation function
is evidently needed to explore these possibilities.

The question of the nature and origin of the onset of this
decoupling effect is evidently of significant fundamental
and practical importance. To better quantify this onset, we
employ a fit to a functional form repurposed from its com-
mon use’ to fit thermodynamic data around T:

log— = w(—gl ;g” jln[cosh log(7,/7.) )]
(

+10g(z'b/rc)£i2(€h}+logc

Here, & and &, denote the fit values of the low and high
temperature limiting decoupling exponents, 2w is approx-
imately the width of the crossover between these two val-
ues, t. is the bulk relaxation time at the midpoint of this
crossover, and c is the value of t/z; at this crossover point.
We focus on the region z < 7 as the deviation from bulk
dynamics at greater distances from the interface is too
small to allow determination of the fit parameters within
reasonable confidence intervals. A free fit to this functional
form within the bounds [0,1] for & and &, yields &, = 0 and
w = 2, consistent with a return to bulk like dynamics in the
high temperature limit indicating that the crossover exhib-
its a fixed width of approximately four decades in bulk re-
laxation time (see SI). In order to reduce fit noise for the
remainder of the analysis, we thus enforce ¢, =0 and w = 2.
As shown in Figure 2a, the resulting fits describe the data
well.

Differentiation of equation (7) with respect to log(zs) now
yields ¢ as a function of the bulk relaxation time. As shown
in Figure 2b, within each layer the decoupling exponent
grows upon cooling and approaches a plateau value at low
temperature. This plateau corresponds to a low-tempera-
ture regime truly obeying the fractional power law decou-
pling relation encapsulated by equations (2) and (3). In the
SI we show the finding of this low temperature plateau is
robust to the choice of fitting form and is thus not an arti-
fact of the choice of equation (7). Evidently, these systems
indeed exhibit a low temperature fractional power law de-
coupling relation, with an approximately four decade onset
window.

These findings provide a new perspective on the range of
interface effects on dynamics - an issue of fundamental in-
terest over the last two decades given potential connec-
tions to underlying correlation length scales associated
with glass formation. Past efforts to quantify this scale have
generally focused either on z or on Ty. The present analysis
allows access to information regarding the range of inter-
facial effects on the underlying barrier height, which fun-
damentally underpins both of these derived quantities.
The data in Figure 2 point to two underlying types of inter-
facial range associated with these effects.

First, as shown by Figure 3a, the low temperature barrier
ei(z), as reflected via the relation & =1-AEj, /AEy , exhib-

its an exponential decay back to its bulk value with increas-
ing film depth. This finding explains prior observations of
approximately double-exponential decay of the relaxation
times away from free surfaces>°. The decay constant &ar, for
this exponential is found to be 5.2 ¢ in this low temperature
limit, indicating that 90% of the surface deviation in AE is
lost by 12 . This range is constant at temperatures well be-
low the onset of decoupling, and is reasonably consistent
with the 10 - 20 nm range commonly argued for experi-
mental surface T, gradients. At higher temperatures, the
decay form of € exhibits weak deviations from exponential-
ity due to the transit of the transition region seen in Figure
2b through the observation region. However, we can ex-
tract an apparent relaxation-time dependent lengthscale
&ur(zp) for decay of the barrier by fitting the £ vs z data over
a range of bulk relaxation times to an approximate expo-
nential form. The results of these fits are shown by the blue
squares in Figure 3b: &;r(zp) increases on cooling and is
consistent with an asymptotic approach to the low temper-
ature limiting value of 5.20 reported above.

Second, at any given bulk relaxation time (or temperature),
there is some distance from the surface within which the
film has realized the fully developed decoupling behavior
reflecting low temperature € plateau and beyond which it
has not. Since the crossover between these two regimes is
broad (approximately four decades as discussed above),
this is not a sharply-defined transition. As shown in Figure
2b, we define two measures of the location of this transi-
tion: a transition midpoint, log(t.); and a plateau-onset
point, log(t.)+w. As shown in Figure 3b, this plateau onset
length scale increases without bound with increasing bulk
relaxation time, with the thickness &. of the near-surface
region in which the low temperature plateau is fully real-
ized growing approximately linearly with timescale at low
temperature. At the longest times, this increasing range
has little practical effect, since the low-temperature plat-
eau behavior far from the surface is nearly bulk-like in any
case as a consequence of the exponential decay of Earo.

Discussion and Conclusions

Our findings resolve the apparent contradiction motivat-
ing this work: the success of equation (1) is insensitive to
choice of film thickness (or bulk) because the parameter B
captures variations in the mean film coupling exponent
<y(h)> relating film to bulk dynamics within the power law
relation given by equation 2. More broadly, these results
are consistent with a revised scenario of alterations in seg-
mental-scale translational dynamics near interfaces:

1) Alterations in near-interface dynamics near the glass
transition reflect a simple temperature-invariant sup-
pression of the activation barrier to relaxation, corre-
sponding to a factorization of the local free energy into
distinct temperature-dependent and position-de-
pendent factors;

2) This behavior is reflected in a fractional power law re-
lationship between near-surface and bulk relaxation
times at low temperature;



3) The free energy barrier exhibits an exponential recov-
ery of bulk values over a range on the order of 10 nm;

4) This decoupling (and factorization) behavior exhibits
an onset upon cooling from high temperatures, with
the onset delayed with increasing depth in the film.

We note that these simulations are constrained to time-
scales under 1 microsecond, and we therefore cannot ex-
clude the possibility of ‘new physics’ at longer timescales.
However, the picture presented above appears to be quali-
tatively consistent with experimental and computational
findings and it is thus not clear that any such new physics
are needed to explain the observations. We additionally
note that at extremely high molecular weights, experi-
ments point to significant changes in the phenomenology
of these effects in freestanding films®53%°. Because simula-
tions cannot access these molecular weights, we cannot ex-
clude the possibility of different physics in this regime.

These findings thus suggest that the phenomenology of in-
terface effects on segmental-scale translational dynamics
can be reduced to two properties: a thickness- or position-
dependent decoupling exponent, which rescales the acti-
vation barrier; and an onset time scale for this decoupling.
We note that, while multiple efforts to quantify and under-
stand nanoconfinement effects have employed tempera-
ture shift approaches (for example position-dependent Vo-
gel temperatures>»®+¢ or rheological shift temperaturess?),
those approaches can be shown to correspond to an effec-
tive rescaling of the activation barrier that is both position
and temperature dependent (see SI). Fundamentally, the
finding of a simple temperature invariant rescaling of the
activation barrier in thin films is nontrivial for non-Arrhe-
nius systems and should be a key test of future theoretical
efforts to understand T, nanoconfinement effects and the
glass transition more broadly.

Indeed, Phan and Schweizer recently demonstrated® that
the Elastically Cooperative Nonlinear Langevin Equation
Theory®+% of glass formation, when applied to thin films,
predicts decoupling behavior consistent with our prelimi-
nary reports of this phenomenon® and with the phenom-
enology reported here. Within this framework, nanocon-
finement effects emerge from a weakening of particle cag-
ing effects near the free surface and a truncation of a
longer-ranged collective barrier. Moreover, this theory
predicts that the decoupling phenomenon we observe here
persists out to macroscopically observable timescales at
least on the order of 100 seconds, lending weight to the
proposition that this phenomenon may dominate nano-
confinement effects over a large range of timescales. The
question of whether any other theoretical framework is ca-
pable of predicting this phenomenology now appears to be
a crucial one in the effort to narrow the field of potential
theories of the glass transition.

Practically, an understanding of the onset condition of de-
coupling, and its dependence on chemistry has the poten-
tial to resolve a number of apparent discrepancies between
simulated bead-based systems (which exhibit high-tem-
perature onsets), experimental systems exhibiting onsets
in the vicinity of the 100s timescale of T,, and experimental

systems apparently exhibiting a lack of nanoconfinement
effects on reorientational dynamics. Extension of these
findings to other chemistries should thus be a priority both
for validation of these findings and to study chemistry-de-
pendent trends in these parameters. Finally, extension of
these findings to other relaxation functions, such as reori-
entational and viscous relaxation functions, could have the
potential to help resolve apparent differences in nanocon-
finement effects experimentally observed via these distinct
routes"%7.
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