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We demonstrate with molecular simulation that the acceleration of structural relaxation, also known as
physical aging, commonly experimentally observed in thin polymer films slows down at extremely small
thicknesses. This phenomenon can be attributed to an inversed free volume diffusion process caused by the
sliding motion of chain molecules. Our findings provide direct evidence of the relationship between the
sliding motion of short chain fragments and the structural relaxation of ultrathin polymer films, and also
verify the existence of a new confinement effect at the nanoscale.
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The investigation of structural relaxation of polymers in
the glassy state, often referred to as physical aging, has
attracted continuous attention in the last decades, due to the
strong influence of these phenomena on the performance
and lifetime of polymer-based devices [ 1-5]. Several experi-
ments demonstrated that, upon confinement at the nano-
scale level, the physical aging rate [6—14] was enhanced in
comparison to the bulk. For example, measurements per-
formed on freestanding films showed a pronounced reduc-
tion in gas permeability [10] and faster enthalpy recovery
[14], indicating an acceleration in the physical aging upon
the reduction of film thickness. This peculiar behavior
could be reproduced by the free volume holes diffusion
model [15-18], on the basis of the larger contribution of
surface mobile layers upon reduction of the film thickness.
Free surfaces, in fact, increase the average segmental
mobility of the entire thin films, which yields a larger
diffusion of free volume holes towards the surface. The
occurrence of this phenomenon accelerates physical aging
and, thus, reduces the lifetime and potential application of
polymer-based nanodevices [4].

The molecular mechanisms governing the dynamics of
confined systems are still not clear [19]. Recent exper-
imental evidences suggest that the glassy-state structural
relaxation is affected by local segmental motions [20]. For
example, Chowdhury et al. [20] found that the rearrange-
ments of a few number of segments were sufficient to relax
local chain conformations and that this process would be
responsible for macroscopic relaxations near the surface.
Frieberg et al. showed that films of star-shaped polymers
relax slower than those of linear macromolecules [21] and
that the aging rate is particularly sensitive to both the
functionality and the arm length [22]. The possible
molecular origin of this anomalous behavior might be
attributed to the suppression of sliding motions between
“kinks” (proposed by de Gennes [23-25] and extended by
Milner et al. [26,27]) along the contour of the chain by the
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existence of core points (grafting points) in star-shaped
polymers [28]. This indicates that the motions of short
chain fragments would strongly influence the relaxation of
the entire polymer films.

Here, we demonstrate with molecular simulation that the
acceleration in physical aging commonly observed exper-
imentally in thin films of linear polymers is strongly
reduced at extremely small thicknesses. We also show that
the onset thickness shifts to lower value in the case of low
molecular-weight compounds. This abnormal behavior can
be attributed to the occurrence of an inversed free volume
diffusion process caused by the sliding motion [23-25] of
chain molecules between the two free surfaces. Our results
provide direct evidence of the relationship between the
motion of short chain fragments and the structural relax-
ation of ultrathin polymer films. More interestingly, we
verify that the average length of short chain fragments
defines a critical film thickness and demonstrate the
existence of a new confinement effect.

In this Letter, we employ our recently developed
simulation methods [29] to investigate in detail the influ-
ence of film thickness on the structural relaxation of
ultrathin polymer films. In our simulation, the vacancies
represent the “excess” free volume holes in films and the air
molecules have repulsive interaction with chain segments
to form two smooth free surface layers [see Fig. 1(a) and
Supplemental Material [30]]. Figure 1(b) shows the typical
time evolution [31] of the reduced volume V(¢)/V(0) for a
film of thickness H = 8 at the temperature 7" = 4.8. Here,
V(z) and V(0) represent the volumes of the film at time ¢
and reference time = 0. The relaxation rate can be
associated to the slope of V(¢)/V(0) as a function of the
logarithm of the time [13,29,32]:
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FIG. 1 (color online).
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(a) Snapshot of the freestanding ultrathin polymer film. (b) Time evolution of the reduced volume V(z)/V(0)

and the corresponding relaxation rate f(r) of ultrathin film with thickness H = 8 at temperature 7' = 4.8.

where V, = V(0). Figure 1(b) also illustrates the variation
of the corresponding relaxation rate f(¢) as a function of
time. It is depicted that 3(z) shows a peak in the relaxation
region [shaded area in Fig. 1(b)]. In the following, we
employ the mean value of $(7) in this region to represent the
relaxation rate of ultrathin films.

Figure 2(a) shows the thickness dependence of the
relaxation rate in films with chain length of N =400
and the same initial free volume concentration ¢,, = 0.05.
Each point was obtained by averaging the relaxation rates
extracted from six independent simulations. As the film
thickness decreases towards H =9, the relaxation rate
gradually increases, which is consistent with experiments
[10,14]. This indicates that our model could reproduce the
accelerated physical aging in thin polymer films [6-14].
More importantly, the outlined simulations could access
the detailed information of volume relaxation in extremely
thin films, where the relaxation time scales are too short
to be experimentally assessed at the state of the art [10,14]
(see discussions in the Supplemental Material [30]).
Remarkably, upon further reduction of the thickness, such
as at H = 6, the relaxation rate drops down. At the best of
our knowledge, there is no evidence from experiments or
simulations showing a slowing down of the acceleration
in physical aging in freestanding ultrathin polymer films.
Here, it should be noted that during the experimental
preparation of ultrathin polymer films, the initial free
volume concentration ¢,, would greatly vary at different
H. Previously, we showed that the magnitude of ¢, just
added a factor on the aging rate of ultrathin polymer films
[29]. In this case, experimental aging rate normalized by the
measured ¢, could be compared to our simulation results.

The emergence of a peak in the thickness dependence of
P indicates the existence of two competing mechanisms
that contribute to the relaxation rate. In our previous work
[29], we demonstrated that the average segmental mobility
and the accurate initial free volume concentration ¢,;
distinctly influence f(H). The instantaneous segmental
mobility in ultrathin films can be computed as [29,33,34]:

o)) = 1= 33 80y (1) = rit — AN, @)

i=1 j=1

where r;;() represents the position of segment j in the i-th
chain at the 7-th MC step, N, is the total number of
segments, and Az =1 MC step. The average segment
mobility « is obtained by averaging a(z) when the films
approaching equilibrium state [29]. The layered a(z) is
calculated by using a(z) = ad(z), see inset in Fig. 3(a),
where the a(z) near the surface layer is higher than that in
the core of the film, similar to other simulations [35-39]
and experiments [40]. Upon reduction of the thickness, the
portion of the surface mobile layers increases, leading to a
larger a [see Fig. 3(a)]. This accelerates the free volume
diffusion and vanishing processes, enhancing the structural
relaxation correspondingly. Another mechanism contribut-
ing to f(H) is thickness dependence of the accurate initial
free volume concentration ¢,; [41] [inset in Fig. 3(b)].
Figure 3(b) shows that, as the thickness decreases, ¢,;
declines correspondingly. This reduction can be attributed
to the enhanced reduction of reduced volume within the
initial plateau at larger segmental mobility [see Fig. 3(a)].
This parameter has a similar temperature dependence as
that of ¢,; [29]. Thus, decreasing film thickness corre-
sponds to a reduction of ¢,;, which lowers the relaxation
rate. Combining the two mechanisms, we can qualitatively
conclude that, upon confinement, $(H) drops after crossing
a maximum at a critical film thickness. Consequently, the
accelerated structural relaxation observed in ultrathin
polymer films would eventually be suppressed at extremely
small thicknesses.

Understanding the origin of this phenomenon would be
very useful for the design of polymer-based nanodevices.
The appearance of a peak in (H) indicates, in fact, the
existence of a thickness regime with improved lifetime. To
explore the universality of this phenomenon, we evaluated
the thickness dependence of the relaxation rate in ultrathin
films with two other chain lengths, N = 100 and 5, shown
in Figs. 2(b) and 2(c), respectively (simulation details for
N =5 can be found in Supplemental Material [30]).
For N = 100, the drop in #(H) is still present and onsets
at nearly the same thickness H = 6, while for N =5,
the onset thickness shifts to lower value of H = 5. This
behavior indicates that the slowing down of accelerated
relaxation strongly depends on the size of chain molecules.
As a first attempt, we normalized the film thickness by the
radius of gyration (R,) (see Fig. S4). As this procedure
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FIG. 2. Thickness dependence of relaxation rate f# in ultrathin
polymer films at temperature 7' = 4.8. The films are constructed

by polymers with chain length of (a) N =400, (b) N = 100,
and (c) N =5.

failed in providing a master curve of f(H/R,), the size of
the random coil does not represent the critical dimension
that could account for the slowing down of accelerated
relaxations observed in Fig. 2. In the next paragraphs, we
provide an analysis of this phenomenon permitting to
identify an appropriate molecular length scale for the
abnormal relaxation behavior of polymer films.

Due to the nonreversible free volume vanishing process
occurring at the two free surfaces [29], the free volume
holes within polymer films normally tend to diffuse from
the core towards the two surface regions. This diffusion
determines the aging rate of quenched polymer films.
However, at extremely small thicknesses, an inversed free
volume diffusion (IFVD) becomes relevant. Inset in
Fig. 4(a) illustrates the IFVD mechanism, where a suc-
cessful jump of segment B into a free volume hole C draws
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FIG. 3 (color online). (a) Thickness dependence of the average
segment mobility a in ultrathin films with chain length N = 400.
Inset shows the layered a(z) within the film (stays from 12 to 22 on
the Z axis) with thickness H = 8. (b) Variation of the accurate
initial free volume concentration ¢,; as a function of film thickness.
Inset illustrates the intersection point that defines the ¢,,;.

the chain along its contour direction until approaching the
position of a kink segment A, which diffuses free volume
hole C into the position of segment A. Here, the kink
segments A and B are located at the upper and lower surface
layers correspondingly; thus, they take nearly the same
mobilities and energies. In this case, the movements of
segments A or B will diffuse the free volume hole C back
and forth between the two surfaces without introducing
additional energetic cost (see Supplemental Material [30]),
giving rise to the IFVD process. The slithering diffusion
terminated by extending the nearest kink conformation
along the chain was reported [42] with a combination of a
kink-jump method and the “slithering snake” (“reptation”)
algorithms [43]. This procedure provided a direct evidence
of the sliding motion proposed by de Gennes [23-25] and
was recognized as a powerful technique in the simulation
of polymer systems [44]. Additionally, the occurrence of
sliding motion in ultrathin polymer films had already been
verified recently by experiments [45], in which the surface
patterning of polystyrene films could be remotely cont-
rolled by altering the nature of the substrate. To get a deeper
insight on the IFVD mechanism, we counted the number
of free volume holes diffused inversely between the lower
and upper surface regions, N;pyp(t, At) with Ar =10
MCS, and calculated the inversed diffusion rate:
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FIG. 4 (color online). (a) Thickness dependence of inversed
free volume diffusion rate in ultrathin films. Inset illustrates the
IFVD process caused by the sliding motion along chain mole-
cules. (b) Variation of relaxation rate as a function of normalized
film thickness (H — 2H )/ Lgiging-
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r(1) N, () (3)
where N (1) is the number of free volume holes at time ¢
[46]. Figure 4(a) shows the variation of the average value
of y(#) as a function of film thickness for different N.
The inversed diffusion rate for N =400 and N = 100
increases gradually when the film thickness approaches
extremely small values (such as H <=9). This behavior
indicates that, upon reduction of the thickness, the IFVD
between the two surfaces gradually becomes predominant,
and on average, hinders the normal diffusion of free
volume holes and their consecutive vanishing at the free
surfaces, resulting in the slowing down of accelerated
structural relaxation at extremely small thickness [see

Figs. 2(a) and 2(b)].

Based on the definition of inversed free volume diffu-
sion, we can expect that the IFVD becomes relevant when
the portion of the film not occupied by surfaces is smaller
than the average sliding length between the nearest kink
segments A and B along one chain [44], Lg;gin, [see the
inset in Fig. 4(a)], that is, H — 2H < Lgjgin,, Where H
indicates the thickness of the surface layer. To prove this
hypothesis, we calculated L gy, as a function of N [47,48]
(see Supplemental Material [30]) and compared the IFVD
rate for films of the same H, but different N. In our
simulation, Ljgin, holds the average values of 3.6 and 3.5
for N = 400 and 100, and 2.8 for N = 5 (see Fig. S6). At
H = 6, H — 2H takes the same value of 3, regardless of N
[49], which is smaller than Lg;g,, for N = 400 and 100,
but larger than that for N = 5. Thus, at H = 6 the IFVD
is predominant for films with N =400 and N = 100 [the
average y(t) takes the value of about 0.014], while for
N =5, the inversed diffusion is not relevant [average
y(7) = 0.004]. These findings are consistent with our
hypothesis. Plotting the relaxation rates at different N, as
a function of the thickness of the bulk layer normalized
by the average sliding length, permitted to collapse the
different curves over the same maximum, at (H —2H,)/
Lgiging = 1.0 [see Fig. 4(b), f for N = 20 are calculated for
comparison, and the deviations of f for N =5 at thicker
thicknesses are discussed in Supplemental Material [30]].
Our findings demonstrate the significance of the sliding
motion of short chain fragments on the slowing down of
accelerated structural relaxation in ultrathin polymer films.
We speculate that such behavior would not exist for simple
molecules (N = 1), where the sliding motion does not
occur, in line with the idea of de Gennes [24].

The critical thickness defined by H, = Lgjging(N) + 2H
indicates a new length scale of confinement. Finite size
effects emerge when the thickness of polymer films
approaches few folds R,. In this thickness regime, the
conformational entropy greatly varies due to the compres-
sion of chains along the confinement direction, which results
in the change of physical properties as a function of the
thickness [24,25,45]. Our findings demonstrate that the
relaxation rate of ultrathin polymer films is perturbed when

the thickness approaches another critical length defined by
H_. As shown in Fig. S6, it can be concluded that, for long
enough chains, H . is far lower than R,,. This indicates that a
new confinement effect appears in ultrathin films at thick-
nesses comparable to H.. The real length of H. could be
roughly estimated for polystyrene [55] (see Supplemental
Material [30]), which takes the value of 6.6 nm for N = 400.
More importantly, this new confinement effect would
probably not exist in films of simple molecules, which
means that chain connectivity dominates the relaxation
behaviors at the nanoscale [56]. These findings shed light
on the possibility of unveiling the molecular origins of the
abnormal behavior of ultrastable polymer glasses [57]
compared to that of low molecular weight glasses [58,59]
and liquids with enhanced orientational order [60].

In conclusion, we demonstrate that the accelerated
structural relaxation in freestanding polymer films is sup-
pressed when the system is confined at extremely small
thicknesses. The observed anomalous phenomenon is
attributed to the inversed free volume diffusion process
caused by the sliding motion of chain molecules. Our results
provide direct evidence for the relationship between the
sliding motions of short chain fragments and the structural
relaxation of ultrathin polymer films. We also identify the
existence of a new confinement effect at the nanoscale. The
outlined approach, here exploited in the case of linear chain,
could be easily extended to polymers with more complex
architectures [21,22] and unveil the correlations between
the structure and dynamics in ultrathin polymer films.
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