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ABSTRACT: It is now generally agreed that the most dramatic influence of a free surface
on local relaxation dynamics occurs over the first 10 nm from the surface. Using the
cooperative free volume (CFV) rate model, we have linked a faster dynamic response to a
lower density (i.e., greater available or free volume) closer to the interface. Experimental
and simulation studies have shown that the relaxation profile is significantly broader than
the local density profile. Here, we explain this difference using the CFV model to show
that local relaxation can be enabled through accrual of a fixed amount of free volume, the
value of which is a characteristic, material-dependent quantity. The process by which a
relaxing segment acquires this volume involves a cooperative region whose length scale
will change with density and therefore with distance from the interface. The result is a

Density Profile, p(z)

Relaxation Profile, 7(z)

region-averaged position-dependent density profile that is significantly broadened and
that links directly to the relaxation profile. Finally, we explain why these film confinement effects diminish in importance as the

temperature is increased.

1. INTRODUCTION

The effect of interfaces on the structural dynamics of polymers
and other glass-forming materials has been of strong interest in
experiments, theories, and simulations.'™'* Some approaches
yield results that show how an interface changes properties as
averaged over the whole sample, while other more detailed
methods track position-dependent dynamics on the nanometer
scale. In a recent work'*~"> with the cooperative free volume
(CEV) rate model,'®™'® we used an overall density value
averaged over both outer and inner layers to predict the
segmental relaxation times (7) of polymer films as a whole
sample. In this paper, we use the CFV model, but our focus is
not on the sample average; instead, we turn to more detailed
predictions for 7 as a function of position across the interface
and focus on changes in the segmental relaxation dynamics to
depths of about 5 nm. The CFV model allows us to make a
direct connection between density and the relevant length
scale over which cooperative motion is required in order for
molecular relaxation to occur. Our sample set of calculations is
for a polystyrene (PS) free surface, and we conclude by
connecting these predictions to experimental and simulation
results from the literature.

In models for bulk dynamics such as CFV and
density scaling,'”~>° the goal is to describe segmental
relaxation times, 7(T,V), as a function of two independent
variables, temperature (T) and volume (V). The ability to
separate and distinguish the independent volume (density)
contribution from that of temperature can lead to significantly
more physical insight compared to treating only 7(T) along a
single (ambient) isobar. For example, a film and its
corresponding bulk can be at the same temperature and have
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different relaxation times; what differentiates the two is their
density.

The connection between confinement and density (or
pressure) effects has been featured in a number of studies on
polymer films and polymers and small molecules in nano-
pores."*~'¥2°73% While most of the results from these works
strongly support the connection, direct measurement of the
density itself is challenging for confined systems.””** Positron
annihilation lifetime spectroscopy (PALS) data analyses”®*”**
have verified that there is a difference in the effective density
(free volume) for systems confined in nanopores. Further
evidence comes from back-calculated specific volumes for
(isobaric) films, which show the same coefficient of thermal
expansion as the corresponding bulk but have densities that are
shifted by ~1-2%."* Faster dynamics in supported polymer
films'***** may be promoted by free space near the substrate
created from inefficient packing of polymer chains following
spin coating; the presence of this additional space has been
verified via probe adsorption measurements.*”*' Large pockets
of free space near asperities on rough substrates (analyzed via
atomic force microscopy) can also lead to faster dynamics.*
Connections with simulation data can also be useful because
they can provide very detailed information on local density
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profiles and corresponding dynamics. We will make such
comparisons below, where we discuss in detail how our model
results for the position-dependent density lead to predictions
for cooperative dynamics in an inhomogeneous free surface
environment.

Our general form for pressure-dependent dynamics behavior
is 7(T,V) « exp[f(T) X g(V)], where a key feature is how the
temperature and density contributions are multiplicatively
coupled."® From this fundamental relationship, a general power
law form can be derived for isobars, 7,(T) o« 7,(T), where the
exponent c= g(VZ(T))/g(Vl(T)) = Vfreel(T)/VfreeZ(T) (Vfree
defined below) relates to the density dependence and is an
approximate constant. This form effectively describes the
experimentally observed behavior when “1” and “2” are two
isobars of the bulk material, for example, high P and low P. It
equally applies to analogous isobars of a polymer film and of its
corresponding bulk (e.g., both at ambient P),"® an observation
first reported by Diaz-Vela et al.** Part of the success in our
model is due to the fact that the functional form of the
temperature-dependent contribution, f(T), is the same for both
film and bulk, that is, f;(T) = f,(T) = A(T) (we will come back
to this point below). The multiplicative coupling in 7(T,V)
exp[f(T) x g(V)] also explains why relaxation times for a
material at low temperatures become very sensitive to density
changes arising from a pressure difference or a difference in
film thickness (i.e., why sensitivity to confinement increases at
low T).

Confinement effects are often interpreted in terms of how
the activation energy (AA4,.) for a local motion is altered by
the presence of the interface. Our CFV model for relaxation in
a bulk sample links density to the degree of cooperativity, n*,
the number of cooperating segments needed to effect the local
motion. We show that this connection follows the form AA,
x n* o 1/Vg,., where Vg, is the system’s free volume above
the close-packed state, a very simple function of density.
References 16 43, and 44 demonstrate the strength of this
predicted correlation using experimental dynamics results
along with Vg, determined from PVT data. At this point, we
have analyzed a wide variety of systems, all of which show
strikingly linear log 7 versus 1/Vg, isotherms with T-
dependent slopes. This new connection between the alpha
relaxation times and Vi, explains how V. (T) dictates
AA,.(T) in driving non-Arrhenius behavior as T decreases
along isobars.'® More connections between free volume,
cooperativity, and activation energy have been highlighted in
several recent experimental studies employing PALS and
dielectric spectroscopy by Araujo et al.* and Kipnusu et
a1 262746

In addition to CFV, a number of other models have been
applied to study the dynamics of confined systems; several
examples can be found in the articles and reviews in
refs."73%3%4751 I the following, we give a brief survey of a
selection of these approaches and discuss their similarities and
differences with CFV.

The ECNLE model®*”** of Schweizer and co-workers is a
detailed pair correlation-based approach that maps an
experimental system on to a corresponding hard sphere fluid
(e.g,, such as to match the experimental compressibility with
that of the hard sphere fluid at each given temperature), and
from this information, free energy barriers for particle motion
can be computed. To model free-standing films, Phan and
Schwiezer™ implemented ECNLE with a step function density
profile, that is, going from bulk to zero density at the free
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surface. While the theory-based density profile we use here is
not infinitely steep, it is much steeper than the broader
relaxation profile which is ultimately found by both
approaches. ECNLE is significantly more technically detailed
than the CFV, but both involve thermally activated models that
involve density and compressibility dependence of the
activation barriers.

Salez et al.*”** introduced a model for dynamics based on
cooperative groups of segments in the form of strings, where
the degree of cooperativity is based on the available volume
and where the reservoir of available free volume at a free
interface will thus be able to influence (reduce) the size of the
strings (those that contact it) and thus enhance the dynamics.
In describing relaxation times, the T-dependent form for the
number of cooperating segments involves the system’s ambient
density at temperature, T, and its density at Ty, which is an
assumed kinetic arrest point; the result is the standard VFT
form,”* ™ In 7 ~ 1/(T — Ty). This aligns the model with
other free volume models>”® based on the historical Doolittle
equation.”” Tt therefore maintains a picture where the
dynamics are assumed to depend on free volume alone and
where the free volume itself (via the crucial parameter, Ty)
needs to be defined by dynamics data rather than volumetric
data. Making the Doolittle assumption inevitably causes a
failure to describe pressure-dependent dynamics, ©(T,V).
Because T and V each make independent contributions to
dynamics,"”*" the effect due purely to a volume change (upon
which the Salez et al. model cooperativity depends) will not be
captured. One crucial difference between the CFV model,
which captures dynamics data across a wide range of T and P
conditions, and Doolittle-based free volume models is that the
CFV free volume is not treated as a fitting parameter or
function but is predicted using thermodynamic data alone.

Another approach that has been applied to dynamics of bulk
and confined systems is that of Long, Merabia, and co-
workers."”***°~%> This methodology describes the distribution
of relaxation times in terms of free volume, density, and its
fluctuations, using a thermodynamic treatment for density and
bulk compressibility as a function of T and P. With regard to
dynamics, the formulations work explicitly in density. The
authors introduce a quantity called the “dynamical free
volume”, defined using a parameter that is the hypothetical
close-packed density at which the relaxation time would
diverge. Considering the effects of pressure on dynamics, they
link both T and V effects to local density fluctuations,”’ which
dictate a facilitation mechanism in heterogeneous relaxation.
Instead of modeling a local process that involves activation
barriers, as the CFV does, they incorporate the T dependence
of density fluctuations to explain the T-based contribution to
dynamics at constant volume. With regard to film modeling in
particular, the approach of Long and Lequeux47 and Merabia et
al,™ as well as that of Lipson and Milner,”" all rely on a
heterogeneous picture of the overall sample and characterize
the percolation of dense subunits to determine relaxation times
(and T,). For example, Merabia et al."* predict a slowdown
(speed up) in dynamics as a consequence of the percolation
mechanism being affected by the strengthening (weakening) of
a surface interaction parameter. In contrast, the present CFV
model focuses on local relaxation as an activated process
occurring in the context of a local density that represents the
average around the position of interest.

Finally, we note the density scaling approac
density scaling, pressure-dependent dynamics, 7(T,V), of the

19-25,32,34
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bulk material are expressed in terms of the variable, TV, where
y is a parameter that connects experimental systems to a
corresponding simple inverse power law fluid, for which
thermodynamic and dynamic properties can be conveniently
described. Density scaling formulations yield #(T,V) «
exp[A?/(TV")?] (A and ¢ are constant parameters), and so
like CFV, they result in the general 7(T,V) « exp[f(T) X g(V)]
form noted above. As with CFV, the presence of an interface
produces an effect that is similar to that of changing volume in
a bulk system, which means that the f(T) function can be
determined from the bulk material and then applied to
describe the effects of confinement. Examples of this approach
applied to polymer films and small molecules in nanopores are
described by Adrjanowicz et al.*>**

2. CFV MODEL AND APPLICATION TO BULK
POLYSTYRENE
Kks!3—1530

The CFV film model results from our previous wor
make use of a sample-averaged characterization, both for the
bulk and for film samples of varying thickness. We now turn to
outlining our new free volume-based approach for position-
dependent dynamics at interfaces, but begin this description by
reviewing the basic CFV model framework for bulk and
applying it to PS.

The CFV approach'®" is a rate model based on a
cooperative picture where the total activation free energy,
AA, = n*Aa, changes with the number, n*, of cooperating
segments. In CFV, n* is determined by the system’s free
volume, defined through

Viee = V = Ve (1)
where V is the system’s total volume and Vj_ is its characteristic
limiting hard-core volume at close packing. Vj_ is a material-
specific constant that is determined by analysis of thermody-
namic (PVT) data using the locally correlated lattice (LCL)
equation of state.’*®* The CFV picture is based on the
assumption that a critical free volume (v*) is required for local
segmental rearrangement. Dividing v* by the free volume per
segment therefore quantifies the number of cooperating
segments, n* = v*/(V../N). This concept of a constant
critical free volume will be key in dictating how the cooperative
distance changes with position near the interface.

Applying AA,. = n*Aa in the Boltzmann factor, where rate
o 1/7 « exp[—AA,/T] (and ignoring the gas kinetic T"/* pre-
factor), leads to the general form noted above

o X (Aa(T))

= TrefeXPI:[VL] Xf(T)

free

T = Tt €Xp T

)
The form predicts the multiplicative coupling of T, V
contributions, that is, 7(T,V) o« exp[g(V) X f(T)]. The free
energy of activation per cooperating segment, Aa(T), is an
unknown function of T, but it is independent of volume. In
practice, an empirical T-dependent form f(T) ~ Aa(T)/T ~
1/T* is applied, where the material-specific scaling exponent b
is roughly analogous to the scaling of V in density scaling
approaches.'”~* The main CFV working expression is
therefore
)b

T*

Vhe (
Int=|—2|f—
Vfree

T

+Int

ref

(3)
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Three of the material specific parameters, b, T*, andz,, are
determined from the bulk system dynamics data; alternatively,
b can be determined from Tg(P) from PVT data. On the other
hand, V;, and thus all the values for Vi.(T,P) = V(T,P) — V.
are determined independent of dynamic data via a priori
analysis of thermodynamic (PVT) data. Equation 3 is very
effective in fitting and predicting experimental relaxation times
under general pressure-dependent conditions, that is, 7(T,P) or
equivalently 7(T,V), for both polymer and small molecule
liquids; ref 16 shows a number of examples. For application
here to polystyrene (PS), LCL EOS analysis of PVT data®
gives V. = 0.8718 mL/g. Fitting eq 3 to bulk dynamics data®
gives b = 2.88, T* = 566 K, log 7,.; = —12.9. Details on the
LCL and CFV model analyses of bulk PS are available in the
Supporting Information.

3. CFV MODEL FOR POSITION-DEPENDENT
DYNAMICS AT INTERFACES

In order to model temperature- and position (z)-dependent
relaxation times, 7(T,z), we need to evaluate the position-
dependent relative free volume, (Vg../V;)(z), at z and then
use this as the input in eq 3 to obtain 7(T,z). One of the key
model assumptions is that the temperature-dependent
contribution to the dynamics, f(T) ~ T*/T?, at any position
near the interface is the same as that for the bulk material. This
allows us to apply (Vie./Vi)(2z) inside eq 3 using the same
parameters, b, T*, 7, that were determined above from the
bulk material characterization.

The assumption that the bulk f(T) is also applicable in
confined systems is supported by the fact that both film and
bulk results follow the 7,(T) « 7,(T)‘ power law form. Further
evidence comes from experimental tests of our whole sample-
averaged model for films."* In that case, the bulk functional
form f(T) was applied using a sample-average value as an input
for (Viee/ Vi) (h), taking into account the contributions from
interior bulk material as well as an interfacial layer, to give
7(T,h) for films of thickness, h. As noted above, in the work by
Adrjanowicz et al,’*** polymer films and small molecules in
nanopores were modeled using the density scaling approach
which also carries the fundamental 7(T,V) « exp[g(V) X AT)
form, and so this means that their bulk f(T)] had also proved
sufficient.

The reason density correlates with dynamics in the bulk is
because it characterizes the intermolecular environment, that
is, the crowding from near neighbors, next near neighbors, and
so forth. The value of the local density, p(z), at just a single
point near a free surface does not contain enough information
about the intermolecular environment at z because of how
rapidly p(z) can change with z in an inhomogeneous
environment. Therefore, the density (and corresponding free
volume) that is relevant for cooperative dynamics near a free
surface needs to be carefully considered.

For a given position, z, we define p,,(z), the average local
density, so as to reflect the mechanistic cooperativity
associated with local segmental relaxation. This means that
Pa(z) must be an average that captures contributions over
distances from z that are on the scale of the size of the region
around it that contains cooperating segments. Note that the
size of the cooperative region must be at least the size of the
intermolecular segmental distance. Because of this, while p,,(z)
will depend on the local density, p(z), its profile will extend
deeper into the bulk. p,(z) is written as

https://doi.org/10.1021/acs.macromol.0c02742
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1

ﬂav(z) = V—()fp(z’)dx’dy’dz’

coop (4)

p(z) and p,(z) depend only on z, the position in the
direction normal to the interface. The integration (average) is
carried out over the values of ', y’, z’ that are within a
cooperative region having a volume, Vcoop(z), that surrounds a
point, x, y, z. The size of the region, V,,(2), is such that it
contains the characteristic critical free volume (v*). The
relative free volume at z is related to p,,(z) by (Vieo/ Vi) (2) =
(Pne/Par(2)) — 1, where 1/p,. = close-packed volume V; per
mass.

Because the critical free volume, v¥, required for rearrange-
ment is a constant, V,(z), and the cooperative length,
Leoop(2), will change with density. At high density, the number
(n*) of cooperating particles and their surrounding volume,
Veoop n€€d to be large to sum to the total required v* value,
while at lower density, a smaller V,,, will contain the same v*.
Therefore, the CFV model predicts that V,,,,(z) and L,,,(z)
will decrease upon moving from the interior bulk toward the
lower average densities near the free surface. This effect is
shown diagrammatically in Figure la, where three cooperative
regions at different locations near the surface have different
Vioop but all contain the required critical amount of free space,
v¥,

12
1.0
0.8
0.6
0.4
0.2

Pav(z), average of p(z) over Legop length

Density Profiles, PS at T'= T,

p(z) and pyy(2) (@/mL)

(b)

0o 1 T 2 T3 T 4T s

0.0

bulk

41 Cooperative Lengh, PS at I'=T,

B {Lep=2,3
& 3 i Kuhn lengths
o :
= 2 1
3 i
~ 1 i Leoop = 1 Kuhn length i
-
0 i i

0 1 2 3 4 5
Position: z (nm)

Figure 1. Local density, p(z), average local density, p,(z), and
cooperative length, Lmop(z), as a function of position, z, across the
polystyrene free surface. Middle panel, (b): p(z) and p,,(z). Lower
panel, (¢): Leoop(2)- p(2) is calculated using the LCL EOS model, and
Pa(z) and Lcoop(z) follow from eq 4 (see text). The upper panel (c) is
a diagrammatic representation of segments in a free surface region,
where the segments inside the dashed circles comprise cooperatively
rearranging groups. The group size, and thus the cooperative distance,
changes with the location of the group because a smaller region can
enclose the critical free volume (v*) when it is near the regions of low
local density near the surface.
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Note that we do not assume that all the segments enclosed
in Vi, must be cooperating; it could be just a subset, for
example, a string-like collection that spans the region. Either
way, we are assuming that Veoop encloses a region containing at
least the required v* in free volume, although it may contain
more if not all the segments within are required to cooperate.
For this latter case, the amount of free volume enclosed in
Veoop 18 assumed to be a constant and its value is proportional
to v*. (The associated proportionality constant does not need
to be evaluated in our procedure.)

In order to calculate p,,(z) and (Vge./ Vi) (z) for a particular
material, in this case polystyrene, we must first calculate the
local density profile p(z). This is performed using the LCL
EOS which, as noted above was fit to PS PVT data, combined
with the square gradient approximation,”’ " and data for the
PS surface tension.”” Further details for these calculations are
in the Supporting Information. The resulting local density
profile p(z) for PS (at T = TyP=1 atm) is shown as the blue
curve in Figure 1b. As expected for polymer-free surfaces,” the
density profile is sharp; the gradient in p(z) is not much wider
than 1 nm. The gradient in p(z) remains sharp at other
temperatures, for example, it broadens only slightly (only ~0.1
nm) at increased temperatures of 50—100° higher (see results
in Supporting Information).

Calculation of p,,(z) also requires V,,(z) and Lc,,,(2). We
will approximate L, by calculating it at a single specific state
point, corresponding to the conditions of bulk density at a
chosen fixed T and P. This will allow us to solve for v¥, which
is the required volume for a segmental motion, independent of
the T and P at which it occurs. Note that the value of v*
cannot be resolved from the bulk dynamics alone because it is
absorbed with other multiplicative constants in eqs 2 and 3.
Here, we apply additional information on L, at bulk density
that is obtainable from measurements of interfacial effects (see
below), allowing for the constant v* to be determined. We can
then predict Lcoop(z) at all other densities across the interface.

As observed above, L., must be on the scale of the
characteristic intermolecular distances over which the caged
segments cooperate with their surrounding near neighbors,
next near neighbors, and so forth. Typical values are likely to
be around 2 or 3 Kuhn lengths, and given the PS Kuhn length
of 1.5 nm,”" this implies an Leoop in the range of 3.0—4.5 nm.

We can verify that this is sensible using some independent
experimental results. Dynamics data on polymer films show
that the bulk-like region of the two layer (bulk, interfacial)
model we have previously used disappears for films that are
below 10 nm thick.'* Therefore, a segment in the most buried
section of a 10 nm thick film still behaves (in terms of alpha
relaxation) like a bulk segment at that T and P. (Note that
except for this most buried segment, essentially all other
segments in the film do not experience bulk-like dynamics.)
This segment in the most buried part of the film sits within a
10 nm/2 = 5.0 nm distance from the surface. It experiences a
bulk-like density because it is evidently collecting sufficient free
volume, over its cooperative distance, to yield a bulk relaxation
time (i.e., p(z) in eq 4 is bulk-like over its entire cooperative
distance). Just beyond this cooperative distance, there will be a
remaining outer portion (not “seen” by the interior segment)
that will have a (nonbulk-like) changing local density with a
gradient likely spanning approximately 1—2 nm, say 1.5 nm. (A
1—-2 nm wide local density 6§radient is a reasonable value based
on studies of free surfaces;”” see also note ref 72.) Putting this
together implies that the bulk-like segment in the most buried
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part of the film must have a cooperative distance of roughly
Leoop ~ 3.5 nm, that is, (5.0—1.5) nm. For PS, this translates to
a value of 2.33 Kuhn lengths, which seems reasonable given the
arguments noted above. For the purpose of further calculation,
we will therefore take this 3.5 nm to be the value of L, in the
bulk at a reference T, P of 390 K, 1 atm, respectively. We
believe that this L,,, value is sensible to within say, about
+25%, and thus good for semiquantitative prediction. In future
applications, if desired, its value could be fit to dynamics data
to achieve even closer agreement.

At each position, z, p,(z), and Vcoop(z) [thus Lcoop(z)] can
now be solved self-consistently based on the fixed value set for
v¥*. As noted above, we solved for v* by knowing L, = 3.5
nm at the bulk density at T = 390 K, P = 1 atm. The approach
involves simultaneously satisfying eq 4 together with the
condition v¥ = [1 = (p,4(2)/Pnc) ] Veoop(2). Note that because
the interface environment is non-isotropic, we use a
rectangular-shaped averaging region (rather than a spherical
shape). Starting with the bulk, Vo, = (2L,p)” is taken to be a
symmetric cube, and then because the key direction (z) is
normal to the surface, just the length (2L,,,(2)) of the side in
that direction changes on moving toward the surface.

Before moving to the Results section, we note that while
here we model a dynamics enhancement due to the lowering of
averaged density from the presence of a free interface, this
approach is equally able to capture a slowdown in the
dynamics. Increased relaxation times would be predicted by
the CFV model for cases where there is an increase in density
(decrease in free volume) relative to bulk over a small portion
of the local density profile, an effect that has been observed, for
example, in simulations. A possible cause would be a strong
substrate—segment interaction.

4. RESULTS AND DISCUSSION

The results for p,,(z) and L,,,(z) as a function of position are
shown in Figure 1b,c; these correspond to the PS melt at T =
T, (P =1 atm). We emphasize that in Figure 1b, the values for
Pa(z) (red curve) depart significantly from those associated
with the bulk density (blue curve), extending much further
(over 4 nm) into the interior of the film, compared to p(z)
(blue curve). This difference is important because in bulk P-
dependent dynamics, just small changes (e.g., 0.5%) in density
at constant T can have a significant effect on 7. Turning to
Figure lc, the curve for Lcoop(z) shows that the cooperative
length is about 2 to 3 Kuhn lengths (~4 nm) at the bulk-like
interior of the sample (which, by the way, already occurs at
around 4 nm in from the surface) but significantly decreases to
about 1 Kuhn length (~1.5 nm) when about 1 nm from the
surface.

We can compare some of the values for the cooperative
length with results from other works. For example, in the free
volume-based approach reported by Merabia and Long,®””*
the length scale for several bulk polymers was found to be in
the range of 3—5 nm near T, which compares well with our
bulk value of about ~ 4 nm. One contrast is that the
cooperating group size in the Merabia et al. model (N.) goes
roughly as 1/Vj..% while it would go as 1/Vj,, for the CFV
model (noting, of course, that Vi, in each approach is not
defined the same way). The results from the model reported by
Salez et al.” (where cooperative groups are string-like) give a
bulk cooperative length of about § or 6 nm near T,.

Following from the results for p,(z), the average relative
free volume, (Vieo/ Vi) (2) = (Pne/pPav(2)) — 1, is shown as a
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function of position in Figure 2a. Toward the interior, the
departure from the bulk Vg /Vj, levels off gradually, but the

Free Volume Profile, PS at 7= T,

(a)

0.8

0.6
In7(2) = [(Vie/ Viiee) N TH/T)’ + Intieg

/input in CFV eqn

0 1 2 3

0.4

( Vﬁ'cc/ th)(z)

0.2

Relaxation Profile, PS at T'=T,

log 7(2)

relaxation profile is wider
than local density profile

(b)

Position: z (nm)

Figure 2. Local free volume, (Vg../Vi,.)(z) [upper panel, (a)], and
local relaxation time, 7(T,z) [lower panel, (b)], as a function of
position, z, across polystyrene free surface. (Vi../Vy)(z) is
determined from p,(z) (Figure 1b) and inputting (Vi../Vi)(2)
into eq 3 (fit to bulk polystyrene) leads to 7(T)z).

small differences from bulk that remain at 3 and 4 nm in still
have a significant effect because dynamics on isotherms track
with inverse free volume (In 7 o 1/Vg..). Using (Viee/ Vi) (2)
as the input in eq 3, we calculate relaxation times as a function
of position, In 7(T,z) = [(Vie/ Viree) (2) 1(T*/T)? + In 7,;, based
on the b, T*, 7. V},. parameters that were determined from PS
bulk dynamics and PVT data above. The resulting relaxation
profile is shown in Figure 2b for the PS melt at T = T,. We
have defined the dynamic T at 7 = 1 s, which corresponds to
T, = 365 K; see note at ref 74. The model prediction is that
relaxation times will increase by about 12 orders of magnitude
on going from the free surface into the bulk interior, ultimately
plateauing at about a little over 4 nm from the free surface.
More discussion comparing relaxation and density profiles is
further below.

The Figure 2 results are for PS at its glass transition
temperature. Figure 3 shows the results for PS 7(T)z) profiles
at multiple temperatures, ranging from 455 K (bottom curve)
to 285 K (top curve). These plots reveal several important
features. One is that the relaxation time associated with the
plateau region, which is to say the bulk relaxation time,
decreases as expected with increasing T. Second, the position
of the onset of the plateau region also shifts with T. Here, as T
decreases, the edge of the plateau will move more deeply
toward the interior of the sample. The reason for this is the
increased bulk density at lowered T (at ambient pressure). As
discussed above, CFV predicts that an increased bulk density
will result in an increase in the bulk cooperative length, L,
(based on the requirement that Vioop contains the critical v¥).
This is relevant because the edge of the plateau (the start of
the deviation in dynamics) marks a position that is a distance
Leoop away from the position where the local density, p(z), first
starts to deviate from the bulk density value. Though the
distance to the deviation in the p(z) profile is slightly T-
dependent, the increase in Ly, (from the increased bulk
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Figure 3. Polystyrene relaxation time profiles, 7(Tz), as a function of
position, z, at multiple temperatures: 455 K (bottom curve) to 285 K
(top curve) in increments of 10 K. The horizontal line is an isochronal
cut at 7 = 1 s; the position of intersection with any particular
relaxation profile marks the boundary of mobile vs nonmobile
segments for that temperature.

density) is stronger and therefore leads to the net shift in the
location of the plateau edge, pushing it further in from the
interface.

The results shown in Figure 3 allow us to make predictions
for the mobile layer thickness. We define the cutoff for
“mobile” vs “not mobile” at a relaxation time of 7 = 1 s (see
note at ref 75); this is represented as a horizontal dashed line
in the figure. The intersection points shift to a larger z, that is, a
more interior position, as the sample temperature increases,
which means that the mobile layer thickness increases. Figure 4
shows this quantity plotted against temperature. The CFV
model predictions are in semiquantitative agreement with the
corresponding experimental results for PS surfaces from the
probe reorientation experiments by Paeng et al;’® the
experiment and model both indicate a mobile layer thickness
near T = T, of about 5 nm. (see note at ref 77.) The CFV
definition, intended to mirror the experimental criterion, allows
for only a rough comparison with some simulation results; for
example, in the simulations of free standing films of bead-
spring polymers done by Shavit and Riggleman,”® the mobile
layers were defined to end where the plateau begins in the 7(z)
profile (rather than isochronically), and so the mobile layer
thickness decreased with increasing T. What is most important,
however, is that their results and the CFV model (Figure 3)
both illustrate the same qualitative behavior, in that the plateau
moves up in 7 value and further into the interior, as T
decreases. (This means that if an isochronal criterion for
mobile layer thickness was applied to the simulation results,
the mobile layer thickness would increase with T in agreement
with the CFV and experiment.)

As emphasized above, the reason density correlates with
dynamics in the bulk is because it reflects the intermolecular
environment that is relevant for cooperative intermolecular
rearrangements. In a bulk sample, of course, the local density is

4141

5 |
2

£

£

2 3

(]

f=

-z

2

-

(=

& 2]

>

©

—

9

3
.

s
0 T T T T T

260 280 300 320 340 360 380

Temperature (K)

Figure 4. Polystyrene mobile layer thickness as a function of
temperature. Mobile segments are defined as those segments having 7
=1 s or less; therefore, the value of the mobile layer thickness at each
T comes from solving 7(T,z) for the position, z, where 7 is equal to
the cutoff value of 1 s.

independent of position. Near an interfacial region, it becomes
important to account for how the density changes as a function
of distance from the surface. However, as the CFV results
presented here illuminate, it is not p(z), the local density
profile, that controls the dynamics near an interface because
near a free surface, the p(z) profile is extremely steep (e.g.,, & 1
nm wide, while one Kuhn segment & 1.5 nm). This means that
although the value of p(z) at some location could be relatively
close to the bulk density, the average over a single near
neighbor distance—relevant for considering the environmental
contributions to cooperative segmental relaxation—could be
closer to half of that. As the work here shows, using an
averaged local density, p,,(z) better reflects the intermolecular
environment.

The CFV model results both connect with, and allow for a
deeper understanding of, the simulation results that have
accrued for dynamics at interfaces.”*>”*~ Both show that
the gradient in the relaxation profile, 7(z), is several times
wider than the gradient in the local density, p(z). Using CFV,
we conclude that the effect on 7(z) from the interface
penetrates deeper into the interior because the relevant density
for dynamics must account for cooperative distances that are
on an intermolecular scale. Indeed, both the model and
simulation show that as T decreases, the relaxation profiles get
wider, while the local density profiles get even narrower. The
shape of the model and simulated relaxation profiles are
qualitatively similar.

We have noted previously, and reiterate here, that density
(free volume) and segmental relaxation are closely linked.
However, an important insight from the CFV model results
here is that 7(z) is not simply the shape of p(z) shifted further
in. Our results show that the broad dynamic relaxation profile
differs from the much sharper local density profile because the
cooperative distance, Lp(2), that is, the length scale over
which local density contributes to form the average density, is
position-dependent. The position-dependent averages translate
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to wider relaxation profiles and mobile layer broadening, in
agreement with the simulation and experiment.

Finally, the CFV model predicts that as T decreases, the
sensitivity of the dynamics to the presence of an interface
increases (larger deviation in 7 from bulk). This is in satisfying
agreement with experiment and simulation, however, the
model goes further. It illuminates that this effect is rooted in
the multiplicative coupling of the general form, 7(T,V) «
exp[f(T) X g(V)], where a given density shift has a greater
effect at lower T because f(T) is increasing.
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