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All-atom molecular dynamics simulation
of solvent diffusion in an unentangled
polystyrene filmf
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The diffusion behavior of low molecular weight solvents within an unentangled polystyrene film below
and above its glass transition temperature is investigated. The diffusion behavior in the glassy state
exhibits a distinct behavior known as case Il or class Il diffusion, noticeably diverging from conventional
Fickian diffusion observed above the glass transition temperature of the polymer film. In the context of
case |l diffusion, the primary experimental observation entails the emergence of a well-defined
concentration front moving at a constant speed, delineating a swollen, rubbery region from a glassy
region within the polymer system. Despite the prevalence of this phenomenon in experimental settings,
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simulating case Il diffusion has posed a significant challenge, primarily due to the computationally
intensive nature of the diffusion process. To address this, we have developed an all-atom molecular
dynamics simulation approach for the observation of case Il diffusion in glassy polymers. This method
aims to unravel the intricacies of the diffusion process, providing valuable insights into the dynamic
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Introduction

Numerous glassy polymers undergo significant swelling upon
exposure to low molecular weight solvents, a phenomenon dis-
tinct from the typical Fickian diffusion observed in rubbery
systems where no adsorbent deformation occurs." In glassy poly-
mers, the interaction between diffusion and swelling exhibits
distinctive characteristics, marked by the penetration of the
solvent resulting in the formation of a sharp advancing front.>
This front distinctly separates the outer swollen, rubbery shell
from the intact glassy core,® giving rise to a diffusion behavior
commonly referred to as case II or class 1I diffusion.*
Distinguishing between these two types of diffusion behaviors
provides insights into the underlying transport mechanisms
governing molecular motion in glassy polymers.® Case II diffusion
is relevant in various practical applications involving glassy poly-
mers, such as in the pharmaceutical industry for controlled drug
release from polymer matrices,”” in packaging materials to under-
stand barrier properties,® ' and in polymer membranes for gas
separation processes.'’"'* Understanding which diffusion mecha-
nism predominates under specific conditions allows for the
optimization of material properties to meet desired performance
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interactions between solvents and the polymer matrix.

criteria, such as controlled release profiles, enhanced barrier
properties, or improved separation efficiency."?

Case II diffusion is characterized by several distinctive
features. In contrast to Fickian behavior, which is characterized
by a random walk without significant interactions, case II
diffusion involves strong interactions between the solvent and
the polymer, resulting in polymer swelling.'* The deformation
provides a significantly larger space for solvent molecules to
diffuse, resulting in a substantial increase in the diffusion
coefficient by several orders of magnitude in the swollen region
compared to the glassy region. This differential diffusion gives
rise to a sharp front, a necessary but not sufficient condition
for case II diffusion, delineating the two distinct regions of the
polymer. Preceding this sharp front, a Fickian precursor
emerges due to the initial exposure of the glassy region to
solvent molecules. Following an induction time necessary for
the full development of the sharp front, the mass uptake
exhibits a linear dependence on time, in stark contrast to
typical Fickian diffusion where mass uptake is proportional
to the square root of time. This linear relationship is also
reflected in the movement of the sharp front over time. Behind
the sharp front, the concentration gradient of the solvent is
initially negligible but gradually increases until it reaches an
equilibrium state.®">"®

Several experimental studies™”>° have contributed to the
understanding of case II diffusion. Notably, Kramer and collea-
gues investigated the diffusion of iodoalkanes into polystyrene
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(PS) using the Rutherford backscattering technique.“'>'®*?
Their work has provided comprehensive insights into the initial
formation and subsequent movement of the sharp front asso-
ciated with case II diffusion, revealing the existence of a Fickian
tail ahead of the moving front, and highlighting conditions
for the dominance of the Fickian tail. Additionally, Kramer and
co-workers studied the impact of temperature’” and solvent
molecular size®® on the diffusion behavior. Their findings show
a thermal activation trend in the front velocity of case II
diffusion with varying temperatures. They also observed a
decrease in velocity and diffusion coefficient as the solvent
molecular size increased. These insights offer a more detailed
perspective on the factors influencing this distinctive diffusion
phenomenon.

Early endeavors to model case II diffusion involved the
incorporation of variable material properties or the introduc-
tion of a two-stage diffusion process to effectively capture the
quantitative impacts of structural changes and polymer
swelling.”® ' However, these attempts fell short of providing
a satisfactory justification for the constant velocity of the
diffusion front. Subsequent efforts, including those by Thomas
and Windle,* successfully modeled the linear penetration of
the diffusion front by incorporating osmotic pressure into the
equations.>'® Despite this success, the predicted front velocity
lacked quantitative accuracy. More recent modeling approaches
have enhanced the precision by integrating a diffusional
Deborah number, signifying the ratio of the mechanical relaxa-
tion time of the solid to the diffusional relaxation time of the
solvent.** Notably, Miao, Tsige, and Taylor have recently pio-
neered a generalized kinetic model capable of describing
various types of small molecule diffusion in polymers, offering
a comprehensive framework for understanding and predicting
case II behavior.** Similarly, Lyu et al recently proposed a
model for studying the swelling properties of glassy polymers.
The model reveals the different stages of the swelling where the
case II diffusion is identified as an intermediate stage.*”

Molecular dynamics (MD) simulation of case II diffusion
poses significant computational challenges mainly because of
the computationally demanding nature of the diffusion pro-
cess. Previous MD studies have primarily focused on diffusion
into polymer melts or the early stages of diffusion into glassy
polymers. Tsige and Grest*® conducted investigations into the
dependence of the diffusion coefficient on concentration and
the development of the Fickian precursor diffusing into a glassy
polymer matrix. Grest and colleagues®” investigated the inter-
diffusion of oligomers into entangled and unentangled poly-
mer films, both above and below the glass transition
temperature, utilizing bead-spring MD simulations. They iden-
tified the formation of a solid, polymer-rich region and a
swollen, oligomer-rich region, yet they did not observe case II
behavior. Recently, Lin et al® utilized coarse-grained MD
simulations to explore the interdiffusion of small aldehyde
molecules into unentangled glassy hetero-polymer films mainly
consisting of poly(methyl acrylate) and poly(ethylene-co-acrylate).
Their study examined the effects of temperature, aldehyde mole-
cule size, and the presence of water. Interestingly, they observed
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that the mass uptake increased almost linearly with time for all
solvents, contrary to the square root of the time trend typically
associated with Fickian diffusion. However, the dominance of
the Fickian precursor persisted in solvent diffusion profiles,
exhibiting a scaling factor of ¢ for overlaying density profiles.

The impetus for the current study stems from a preceding
all-atom simulation exploration conducted by Marcon et al.*®
on the initial stages of swelling in a 10-mer glassy polystyrene
(PS) film induced by toluene, along with the dissolution of PS
chains into the solvent. Their findings revealed the emergence
of a swollen layer featuring a Fickian precursor and a sharp
front—crucial indicator for case II diffusion. Additionally, they
noted an anisotropic effect of the solvent on the mobility of
polymer chains in the surface layer, augmenting their move-
ment parallel to the interface. While the observation of a sharp
front is indicative, it is imperative to establish that the front
moves at a constant velocity over an extended period to con-
clusively affirm case II behavior. Hence, the necessity for
prolonged simulations is underscored, ensuring a comprehen-
sive confirmation of toluene diffusion through the PS oligomer
as indeed being consistent with case II diffusion.

Simulation details

To address our objective, we conducted an in-depth investiga-
tion into the diffusion dynamics of acetone, toluene, and a
blend of the two solvents into a 10-mer polystyrene (PS) film
employing all-atom molecular dynamics simulations.

First, we equilibrated a bulk polystyrene system, which
consisted of 150 chains of 10-mer PS, in the NPT ensemble at
550 K for 10 ns. This was performed using the OPLS force
field*® and the LAMMPS*® software. We then cooled the system
to 100 K at a rate of 20 K per 5 ns under atmospheric pressure.
The bulk density of the system was computed as a function of
temperature to determine its glass transition temperature (Ty).
As the polymer system transitions from the melt state to the
glassy state, the reduced mobility of the polymer chains affects
various physical properties such as density, molar volume,
viscosity, and specific heat. The glass transition is marked by
a noticeable change in the slope of the density versus tempera-
ture curve obtained from the simulations.*"**

Fig. 1 illustrates the relationship between the bulk density of
PS and temperature, showing two fitted lines that minimize the
mean absolute deviation (MAD) error. By identifying the inter-
section points of these lines, we determined the glass transition
temperature for the 10-mer PS system to be 358 K. It should be
noted that the cooling rates employed in our simulations are
significantly faster than those typically used in experiments,
potentially leading to an overestimation of the glass transition
temperature by approximately 3 K for each order of magnitude
difference in the cooling rate.**** This observation is consis-
tent with experimentally derived data for short chain PS, which
typically have a T, around 310 K.*>*°

Based on the simulated T, value, two free-standing PS films
were generated by removing the periodicity in the z-direction at

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm00641k

Open Access Article. Published on 10 June 2024. Downloaded on 11/7/2025 6:33:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

1.05
®  Melt
‘ o Glassy
g
o 1
o)
p—
2
2 0.95 '
2 :
0 i
~ 0.9 -
|
|
S T R B B

100 200 300 400

Temperature (K)

Fig. 1 The estimated glass transition temperature of the PS bulk is 358 K,
determined by the intersection of the linear fits of density vs. temperature
curves for the glassy and melt states.

500

the end of 300 K and 450 K cooling rate runs, i.e., below and
above the T, of our PS system, respectively. The films were then
equilibrated for 10 ns at their respective temperatures. The
equilibrated films featuring a surface area of approximately
54 A x 51 A and film thickness of more than 110 A were brought
into contact with a 200 A-thick solvent layer. Our design, with a
smaller film thickness and reduced surface area compared to a
previous work,*® aimed to shorten the otherwise significantly
longer simulation times. To understand the effect of the state of
the polymer (glassy or rubbery) on the solvent diffusion beha-
vior, the PS/solvent systems were run between 298 K and 450 K
(well below and well above the glass transition temperature of
the film). To prevent solvent molecules from escaping the
system especially at high temperatures, a reflecting wall was
used. Furthermore, to gain an in-depth understanding of the
diffusion process far below T, the 298 K cases were run for over
500 ns.

Throughout the long simulation, we observed instances
where several PS chains dissolved into a solvent, only to be
reabsorbed over time, thus affecting the nature of the diffusion
process. In response, we conducted additional simulations at
298 K where PS chains moving at least 20 A from the interface
and diffusing into the solvent were permanently excluded from
the simulations. Subsequently, we distinguish between these
two approaches as concentrated solution and dilute solution,
respectively, in the following discussions. This refinement
ensures a more accurate depiction of the diffusion dynamics,
minimizing the impact of reabsorbed PS chains on the overall
simulation.

Results and discussion

Fig. 2 illustrates density profiles, normalized by their bulk
density, for the acetone/PS case at 298 K in both concentrated

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Normalized density profiles of acetone at 298 K are depicted for (a)
concentrated solution and (b) dilute solution cases. Blue lines represent
polystyrene (PS) and red lines represent acetone at different times as
shown by the figure legend above. In Figure (b), dashed rectangle shows
the Fickian precursor while dashed ellipse shows the main front of
acetone, both at 4 ns.

and dilute solutions, with each profile representing an average of 1.0
ns of data. Comparable density profiles are observed for toluene and
the equimolar mixture of acetone and toluene (refer to Fig. S1 and S2
in the ESLT respectively). In a dilute solution, a more uniform
spacing between the fronts is evident, contrasting with the concen-
trated solution where the front propagation slows down over time,
leading to a decrease in spacing between fronts. This trend is
consistent in the density profiles of PS. PS density profiles in
Fig. 2a depict the accumulation of PS chains within the solvent.
The concentration of dissolved PS chains increased throughout the
solvent in the concentrated system, as illustrated in Fig. 2a. Con-
versely, it gradually diminishes close to zero deeper into the solvent
in the dilute system, as shown in Fig. 2b. In both concentrated and
dilute cases, following the initial exposure of the polymer film to the
solvent, the solvent density profiles exhibit a similar shape char-
acterized by a sharp front preceded by a Fickian precursor. As
depicted in Fig. 2b, the Fickian precursor emerges as solvent
molecules close to the PS surface diffuse into the polymer matrix,
resulting in a gradual increase in solvent density. In contrast, the
sharp front creates an almost vertical change in the solvent density.

As anticipated, the diffusion behavior observed at tempera-
tures exceeding the glass transition lacks the necessary and
sufficient conditions for case II diffusion. Fig. 3 shows normal-
ized density profiles of acetone and PS at 450 K for the
concentrated solution system. Each profile represents an aver-
age over 0.1 ns of data. At this elevated temperature, PS film
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Fig. 3 Normalized density profiles of acetone at 450 K are shown for
concentrated solution system. Blue lines represent PS and red lines
represent acetone at different times as shown by the figure legend above.

transitions into a melt state, exhibiting significantly faster
dynamics compared to those at 298 K as depicted in Fig. 2.
While the acetone profile undergoes minimal change over 10 ns
at 298 K, it diffuses the entire length of a 100-A PS film within
the same duration of exposure at 450 K. Distinct from case II
behavior observed at the glassy state, melt state diffusion shows
a Fickian behavior lacking the sharp front and the linear
propagation of the front. A similar behavior was observed at
400 K (refer to ESIt Fig. S3 for density profiles at 400 K).

To validate the Fickian diffusion behavior above T, we
constructed a master curve of density profiles as a function of
7t °>. As depicted in Fig. 4a, density profiles collapse into a
singular master curve at 450 K, affirming the Fickian diffusion
characteristics.*” This serves as a distinguishing test, as density
profiles collected at temperatures below the glass transition fail
the criterion. As shown in Fig. 4b, applying Zt~°* as the shifting
function systematically changes the slopes of the density pro-
files based on the time and separates them while shifting
confirming that the diffusion process is not Fickian.

Alternatively, as shown in Fig. 4c, a master curve for case II
diffusion profiles can be generated by linearly shifting density
profiles as a function of Z — vt, where v denotes the linear

05 o
@ O]
2 04F Vi F
§ 03k ] | f Time
B ‘V‘
g y
5 02f ,,l"l F
£ /
Z o1 i F
) A.All A N
0! KV el [ 1 I .
1000 10 20 30 40 s50-5 0 5 10 15
7t %5 (Ans”) 7t 5 (Ans")

Fig. 4 Shifted normalized density profiles of acetone. (a) Shifted density
profiles of acetone at 450 K as a function of Zt~°> collapses into a single
master curve. (b) Shifted normalized density profiles of acetone at 298 K as
a function of Zt~°* fails to form a master curve as a systematic deviation is
observed based on the slope and position of the shifted density profiles. (c)
Shifted normalized density profiles of acetone at 298 K as a function of
Z — vt generates a master curve, where v = —0.1323 A ns~! is the linear
propagation velocity of the front for the acetone dilute system.
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propagation velocity of the front. This shifting function keeps
the slopes of density profiles unchanged and only shifts their
relative positions based on the corresponding time. The for-
mation of the master curve further corroborates the observa-
tion of case II diffusion behavior at 298 K.

To investigate the factors that result in a sharp solvent front,
we quenched the PS film/toluene system prepared at 450 K
down to 298 K and ran it for tens of nanoseconds. We observed
a sharp front similar to the one in the film prepared directly at
298 K, but the front moved at a slightly faster rate in the
quenched film. The film prepared at 450 K exhibited a higher
free volume compared to the film prepared at 298 K, leading to
faster solvent diffusion in the former case. Our preliminary
investigation suggests that the glassy state, characterized by
frozen polymer chains compared to the dynamics of the solvent
molecules, is the determining factor for the observed solvent
sharp front at 298 K. Given that the 10-mer PS chain is relatively
short compared to the entanglement length of a PS chain
(which is in excess of 130-mers*®), future investigations should
focus on identifying the role of polymer chain entanglement in
the behavior of solvent diffusion in polymeric systems. This
would provide deeper insights into how chain length and
entanglement influence solvent dynamics and could potentially
lead to improved control over solvent diffusion processes in
various applications.

Based on our discussion, a sharp solvent front is a unique
property of a solvent diffusing into a glassy polymer system,
which is a necessary condition for case II diffusion. Under-
standing how this sharp front moves within the polymer film is
crucial for confirming that the diffusion process qualifies as
case II.

To determine the position of the solvent front in the glassy
state (at 298 K), we employed a straightforward approach where
the sharp front part of the density profile, featuring normalized
density values ranging from 0.15 to 0.45, was subjected to
averaging. The resulting average value was then recorded as
the position of the front. Notably, we observed that a simple
arithmetic average performed similar to or better than more
complicated methods, such as fitting linear or nonlinear func-
tions to the front, resulting in a smoother movement profile
(refer to Table S1 in the ESIY).

Fig. 5 presents the front positions at 298 K for all cases,
accompanied by fitted models employing the equation Z = vt",
where Z denotes the front position (in A), ¢ is the elapsed time
(in ns), and v and n are fitting parameters. Typically, models for
Fickian diffusion exhibit an »n value of 0.5, indicating a square
root proportionality to time;*® however, the shape of density
fronts in Fickian diffusion changes over time focusing solely on
individual features, like a specific concentration introduces
arbitrary criteria.’® In contrast, the shape of density fronts in
case II diffusion stays unchanged, which enables us to assign a
single value for the position of each density front. For a typical
case II diffusion, n value close to 1 is expected.'>***”>1> Qur
simulation cases for concentrated solutions displayed n values
of 0.86 for acetone, 0.82 for toluene, and 0.78 for the mixture.
This concave-down decreasing pattern aligns with findings in

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Front position as a function of time for (a) acetone, (b) toluene, and
(c) the mixture cases, respectively. The fitted models are represented by
lines, with solid lines corresponding to the dilute solution systems and
dashed lines to the concentrated solution systems. R? values for concen-
trated and dilutes systems are 0.978 and 0.995 for acetone, 0.987 and
0.986 for toluene, and 0.990 and 0.995 for the mixture, respectively.

other studies.’ We attribute this deviation from linear behavior
to the fact that dissolved PS molecules are reabsorbed on the PS
surface. This phenomenon introduces complexities in the
diffusion dynamics, contributing to the observed deviations
in the n values from the anticipated case II behavior. We are of
the opinion that, had the authors of ref. 38 extended the
duration of their simulations, they would have obtained similar
n value for the toluene case. The front positions in the dilute
solution systems exhibit a more accelerated rate of movement
compared to their concentrated solution counterparts, charac-
terized by n values of 1.07, 1.13, and 0.98 for acetone, toluene,
and mixture solutions at 298 K, respectively. This observation
supports the conclusion that, in the absence of PS chain
reabsorption, the solvent profile advances at a constant rate,
satisfying the sufficient condition for case II diffusion. The
consistent n values of around 1 (slightly higher for toluene)
affirm the adherence to the characteristic behavior of case II
diffusion in these dilute solution systems.

To facilitate a comparison of front propagation velocities
across different cases at 298 K, we applied a linear fit to the
front position of solvents, though it is far from linear especially
for the concentrated case, resulting in Z = vt. The fitted
parameters are presented in Table 1. Notably, the smaller
molecules of pure acetone exhibited a faster diffusion into
the polymer film compared to toluene molecules.>® As shown
in Fig. 6, in the mixture case, the density profiles of acetone and
toluene moved in tandem, with a movement pace more akin to
the pure acetone case. Additionally, in the mixture case, we
observed that toluene dominated the Fickian precursor section
of the front, while acetone and toluene moved together as part

Table 1 Linear propagation velocities for acetone, toluene, and mixture
solutions at 298 K fitted to Z = vt with 95% confidence bounds of the fitted
parameters

Solvent v(Ans™) Goodness of fit (R?)
Acetone concentrated 0.1126 + 0.0017 0.9672
Acetone dilute 0.1323 + 0.0010 0.9933
Toluene concentrated 0.0864 + 0.0011 0.9747
Toluene dilute 0.1025 + 0.0013 0.9802
Mixture concentrated 0.1147 + 0.0018 0.9639
Mixture dilute 0.1342 =+ 0.0008 0.9947
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Fig. 6 Tip and front position for acetone and toluene in their dilute
mixture at 298 K. Toluene molecules were the first molecules to diffuse
into the intact polymer matrix as the toluene tip was almost always ahead
of the acetone tip. However, the main front of acetone and toluene moved
together.

of the front. This nuanced understanding of the front dynamics
provides insights into the differential behaviors of individual
solvents and their interplay in the mixture case.

Experimental studies frequently implement mass uptake or
weight gain measurements to determine the diffusion type.
While experimental measurement of weight gain in polymers
undergoing swelling due to solvent diffusion is generally man-
ageable, it poses a formidable challenge in molecular simula-
tion studies, as the dynamic swelling or dissolution of the
polymer introduces complexities in defining boundaries for
the polymer film. To address this challenge, researchers limit
the weight gain studies up to a degree that swelling is
negligible.’” Alternatively, researchers may employ a fixed-
point reference for the polymer boundary to facilitate weight
gain measurements. This approach involves designating a
predetermined point as the reference for tracking solvent
molecules, disregarding the evolving polymer boundaries.’
For example, in cases where the polymer undergoes dissolu-
tion, the fixed boundary, initially delineating the outermost
layer of the polymer film, may become submerged within the
solvent bulk. Consequently, this fixed boundary methodology
deviates significantly from the actual polymer configuration,
compromising its alighment with experimental measurements.
Despite its limitations, the fixed boundary technique remains
viable for the quantification of solvent molecules passing the
defined boundary, offering a means to analyze the diffusion
process and observe the emergence of the solvent front.

As shown in Fig. 7, we considered two fixed points as the
boundaries of the polymer film and quantified the mass of
solvent molecules passing beyond these predetermined refer-
ence points and normalized it by the volume of the polymer
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Fig. 7 Polymer weight gain caused by the solvent molecules passing
beyond the two fixed points for (a) acetone, (b) toluene, and (c) their
equimolar mixture at 298 K, normalized by the volume of the polymer film.
The first fixed point (0 A) was located at the polymer film's surface position
before solvent exposure, while the second fixed point (20 A) was posi-
tioned at 20 A from the surface into the polymer bulk as shown in the
bottom snapshot. Fitted linear models for the weight gain of the polymer
film beyond 0 A and 20 A points for these systems are represented by solid
lines and dashed lines, respectively.

film beyond that point. The first fixed point denoted the
polymer film’s surface position before solvent exposure, while
the second fixed point was positioned at 20 A from the surface
into the polymer film, where no solvent molecules had reached
within the initial 4 ns of the simulation.

The observed induction time, i.e., the time needed for a fully
developed front to form, at the surface reference point was
markedly shorter than that at 20 A. This is caused by the
significantly greater motional freedom of polymer chains
located at the surface of the polymer film compared to those
residing deeper within the polymer bulk.** Consequently, sur-
face chains could readily rearrange to accommodate solvent
molecules into their free spaces, rendering the induction time
at the surface indiscernible. In both reference points, following
the establishment of the main density front, a linear weight
gain was observed, confirming case II behavior.

In contrast, Fickian diffusion exhibits a decelerating weight
gain, which emerges linearly when plotted against the square
root of time. As shown in Fig. 8, diffusion at temperatures
higher than the glass transition temperature (i.e., 450 K and
400 K for Fig. 8a and Fig. 8b, respectively) exhibits a typical
linear weight gain versus square root of time."**>">” However, at
temperatures well below the glass transition temperature, the
weight gain does not pass the linearity test. The deviation is
maximized for the dilute case at 298 K, which is aligned with
the weight gain behavior of case II, showing a linear behavior
against time (and not against the square root of time). A similar
trend was observed for weight gain of the mixture case (refer to
Fig. S4, ESIt).

The steady front motion allows for generating a master curve
for the density profiles by shifting them using Zniftea = Z — Vt.
Fig. 9a shows the shifted density profiles and the resulting
master curve for dilute acetone case at 298 K. To create the
master curve, the normalized density was divided into 30 equal
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Fig. 8 Weight gain of the polymer film at different temperatures when
exposed to acetone, normalized by the volume of the polymer film. Fickian
diffusion of acetone into PS is evident at elevated temperatures of 450 K
and 400 K, confirmed by the linear change in weight gain when plotted
against the square root of time. Approaching the glass transition tempera-
ture of PS changes the diffusion regime and consequently, weight gain fails
to change linearly against the square root of time.

sections. This number of sections provided reasonable resolu-
tion without sacrificing the smoothness. Subsequently, the
average value of Z — vt in each section was calculated and
assigned as the shifted position of that section. The presented
master curve is a fitted spline to these 30 points. In the
resulting shifted density curve, the dispersity of the data points
is not uniform. Specifically, the points are less scattered for
normalized densities within the range of 0.03 < &< 0.55, as
observed in Fig. 9a. The wider distribution of data points below
this section can be attributed to the presence of the Fickian
precursor due to the hopping movement of solvent molecules
between the cages of chains in the glassy polymer. Conversely,
the scattering of data points above this range is attributed to
the dissolution and possible reabsorption of the PS chains close

0.6~
0.5 r - 2%10°
0.4 &
ot g o
03+ = :
r 8 Dy/(®,-®)
0.2 Doexp(AD)
[ Spline Spline
0.1 B Shifted densities o Data
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Fig. 9 (a) Shifting the density profiles produces the master curve shown

by the red solid line, for acetone at 298 K in the case of the dilute solution.
Horizontal blue dashed lines demarcate the section of normalized density,
@, with the acceptable uncertainty used to calculate diffusion coefficient,
D. (b) Diffusion coefficient for acetone dilute solution based on its density
profiles. Solid dots represent simulation data points while red curve
shows diffusion coefficient values calculated from the master curve shown
in (a). Dashed black line represents fitted model of Do/(®@g — @) with
Do = 0.63 x 1077 cm? s~ and @, = 0.72. Solid black line represents the
fitted model of Dgexp(A®) with Do = 0.61 x 107" cm? st and A = 3.16.
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to the polymer film surface, introducing additional complex-
ities into the density profiles.

The exploration of how the diffusion coefficients of solvent
molecules correlate with their concentration profiles represents
an interesting topic, often investigated to comprehend the
diffusion behavior of small molecules into glassy polymers. It
was shown that one can derive a general expression of diffu-
sivity D = D(®) from the non-linear diffusion equation.** For the
dilute systems at 298 K, we calculated solvent diffusion coeffi-
cients by utilizing density data points and developing a master
curve within the specified section (demarcated by dashed blue
lines in Fig. 9a). The solid dots in Fig. 9b represent the
diffusion coefficient of acetone/PS derived from the density
data points (more details in eqn (S1)-(S3) in the ESI{). Given
the high sensitivity of the diffusion coefficient to changes in
density with respect to time and position, even minor fluctua-
tions in density can induce significant variations in the resul-
tant diffusion values.

To address this challenge, we utilized the master curve in
Fig. 9a, incorporating a constant propagation velocity (v from
Table 1). This approach facilitated the derivation of a smoothed
curve for the diffusion coefficient, illustrated by the solid red
line in Fig. 9b. Analogous analyses were conducted for toluene
and the mixture (refer to Fig. S5 and S6, ESI,T respectively).
Note that in the low concentration region, the diffusion coeffi-
cient of acetone at 298 K is notably 2-3 orders of magnitude
lower than the self-diffusion of pure acetone (which is around
3.2 x 107> em® ™! from our pure acetone simulation). This is
in agreement with experimental observation wherein the diffu-
sion coefficient of small molecules in glassy polymers has been
noted to be 2-4 orders magnitude smaller.>® Our results nullify
the presence of any sudden change or discountinuity’®®! in
D(®), demonstrating that D is a monotonically increasing
function of @, with a turning point at a normalized density of
around 0.15. Researchers suggested various dependencies of D
on @,°°%%%63 and here we examined the exponential (Dye”®)**°
and inversely proportional (Do/(®, — @))** functions for D(®). Our
results indicate that, while the overall fit is deemed acceptable,
noticeable deviations become pronounced, particularly for lower
@ values. The inversely proportional model perfectly aligns with
the data except for @ values below the turning point of @ = 0.15,
leading to an overestimation of diffusivities at low solvent con-
centrations. On the other hand, the exponential model offers a
more accurate approximation for lower concentrations but fails to
capture the curvature evident in the data when displayed on a
logarithmic scale. Our observations suggest that while acceptable,
these models lack the flexibility for matching the actual data.

Conclusions

Our study employed all-atom molecular dynamics simulations
to investigate the diffusion behavior of toluene, acetone, and
their mixture within a short-chain polystyrene (PS) film above
and below its glass transition temperature (7). Robust observa-
tions below T, required run times of at least 400 ns. Our

This journal is © The Royal Society of Chemistry 2024
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findings demonstrated that the diffusion of acetone, toluene,
and their mixture into the glassy PS polymer adhered to case II
diffusion behavior while Fickian diffusion behavior is observed
above T,. Across all three solvents, we observed both necessary
and sufficient conditions for case II diffusion below T, char-
acterized by the creation of a sharp front and linear front
propagation. Acetone exhibited faster diffusion in PS compared
to toluene, while their mixture mirrored acetone behavior.
Notably, the accumulation of solvate molecules hindered front
movement, and the periodic removal of solvate molecules
facilitated the establishment of case II behavior. By linearly
shifting the fronts in the opposite direction of their movement,
we constructed a master curve and calculated a smooth diffu-
sion coefficient from this curve. Our study contributes to the
fundamental understanding of polymer-solvent interactions
and transport phenomena in soft materials by elucidating the
mechanisms governing the dissolution and diffusion processes
in this specific system.
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