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ABSTRACT: Building on our recent work that mapped the profile in local glass transition
temperature Tg(z) across a single polystyrene (PS) / poly(n-butyl methacrylate) (PnBMA)
interface, we explore the impact of limiting domain size and increasing cooling rate. This study
is motivated by traditional computational approaches employed to overcome computer-power
limitations, extrapolating short time scales and using periodic boundary conditions that introduce
repeating interfaces. Using a localized fluorescence method, we find addition of a second
PS/PnBMA interface perturbs the local PS Ty(z) at a distance of z = 100 nm from the first
interface when the second interface approaches a distance closer than 300 nm. The local Ty(z)
profile across a finite PS domain size of 300 nm for a range of cooling rates shows that limiting
domain size and increasing cooling rate (faster timescales) diminishes and truncates the broad
asymmetric 7y(z) profile, weakening the confinement effect for dissimilar polymer-polymer

interfaces, consistent with previous studies on single-layer polymer films.

Studies of glass transition perturbations due to dissimilar polymer-polymer interfaces
have recently gained interest.!?° Experimentally, these polymer-polymer interfaces show
dynamical perturbations persisting to larger distances from the interface than for a polymer-free
surface.”!® Efforts to model such long-ranged effects to slow glass transition dynamics are
hampered by typical limitations of computational power. Traditionally these limitations are
bypassed by employing periodic boundary conditions?! and extrapolating the temperature
dependence of simulated short time scales down to lower temperatures.'?*?* Here we are
interested in experimentally exploring what effects these traditional computational strategies

have on the observed length-scales of dissimilar polymer-polymer interfaces. Previous studies



on single-layer polymer films have shown that limiting the system size can lead to a reduction in
the gradient in dynamics near a free surface resulting in a more homogeneous profile,>> and that
the use of faster cooling rates>® or focus on faster time scales®’ can truncate the magnitude and
length scales of confinement effects.

We build on our recent work employing a localized fluorescence method to map out the
full profile in local glass transition temperature 7¢(z) across a polystyrene (PS) / poly(n-butyl
methacrylate) (PnBMA) interface.’ For this semi-infinite bilayer system, the dynamical
perturbation is free to extend as far as needed into the material before recovering the bulk 7
value on either side of the interface (PS 7.2 = 101 °C, PnBMA T;°% = 21 °C). We have found
this perturbation distance from the interface to be dependent on whether the polymer forms the
high-T; glassy component, with dynamical perturbations persisting for 225-250 nm before bulk
T, is recovered, or the low-T, rubbery component, with perturbations persisting for 100-125
nm.'? These broad and asymmetric Ty(z) profiles are common across a number of dissimilar
polymer-polymer interfaces and are observed to be much larger and uncorrelated with the 5-7 nm
interfacial width in equilibrium composition profile.” We have also demonstrated that the extent
of chain interpenetration across the dissimilar polymer-polymer interface is important to
coupling the dynamics between the two polymers and creating the broad and asymmetric 7y(z)
profile observed when the dissimilar polymer-polymer interface is annealed to equilibrium.'”

In the present study, we explore the effect of adding a second PS/PnBMA interface,
creating a PS domain of finite size, to the local T¢(z). Molecular dynamics (MD) simulations of
a single dissimilar polymer-polymer interface that employ periodic boundary conditions wrap the
system in all three dimensions, which extends the system size in two dimensions, but inherently
introduces additional perturbative interfaces and limits the domain size in the other dimension.!
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Such simulations are good models of extruded alternating nanolayered systems
or perhaps lamellae forming block copolymers, but we believe they are distinctly different than
our previous experiments on semi-infinite bilayers where the interfacial perturbations can
propagate unrestricted. Here we explore the difference between such systems, finding that the
addition of a second PS/PnBMA interface already perturbs the local Ty(z) value at z =100 nm
from the first PS/PnBMA interface when the domain size is restricted to below ~ 400 nm in size.
We map out the local 7(z) profile for a finite PS domain size of 300 nm, observing that bulk 7

of PS is not recovered at its center. In addition, we increase the cooling rate and find that the



Ty(z) profile becomes muted. Although we are experimentally limited to cooling rates between

1-15 K/min, we observed trends consistent with previous experiments>®23

suggesting simulations
focused on faster time scales would observe weakened confinement effects with shorter length
scales.

Following our previous works,”!* single layer films of neat PS (My = 1920 kg/mol,
Mw/M, =1.26, Pressure Chemical), pyrene-labeled PS (Myw = 672 kg/mol, My/M, = 1.3, free-
radically polymerized with 1.4 mol% pyrene content’), and PnBMA (M, = 1210 kg/mol, Myw/M,
= 1.7, free-radically polymerized®) were spin-coated from toluene solutions onto freshly-cleaved
mica and independently annealed overnight under vacuum at 120 °C for PS or 80 °C for PnBMA
layers. Multilayer stacks, as depicted in Figure 1, were then assembled by successively floating
layers of desired thickness (measured by ellipsometry Woollam M-2000) atop each other placing
the 11-12 nm PS-Py labeled layer at a distance z from the bottom PS/PnBMA interface and a
distance y from the second, top PS/PnBMA interface. The finite PS domain size is determined
from the sum of the PS layers (z + PS-Py + y). As described previously,”!? the multilayer stack
is then carefully annealed at 120 °C for 20 min to ensure the PS/PnBMA dissimilar polymer-
polymer interfaces are annealed to equilibrium, while consolidating the PS/PS-Py interfaces into
a single material, but keeping the PS-Py labeled layer localized. Fluorescence intensity was then
collected on cooling using a Photon Technology International QuantaMaster spectrofluorometer
(excitation at 330 nm, emission intensity monitored at 379 nm, band-passes of 5-6 nm) with the
samples mounted in a Peltier-cooled Instec TS62 temperature stage with dry nitrogen flowing at
1.7 L/min directly onto the sample cover slip to avoid condensation below room temperature. At
the end of the run, all samples were reheated to the initial starting temperature to ensure the same
fluorescence intensity was recovered. Intensity data was collected for 3 s every 27 s on cooling
at 1 K/min or every 7 s cooling at 10 and 15 K/min. The local 7, of the PS-Py layer is
manifested as the intersection of linear fits to the liquid and glassy regimes by maximizing the R*
on each side of the transition. The largest uncertainty in the measured 7, values comes from
sample-to-sample variability, which we find to be + 2 °C from an average of multiple samples
(typically smaller than the symbol size); the uncertainty in T from the fitting is much less.!°

Figure 1 illustrates the different samples we are comparing in this study by plotting the
fluorescence emission intensity measured on cooling at 1 K/min for a series of different

representative samples where the local Ty(z,y) measured by the pyrene-labeled layer depends on



its distance from the two PS/PnBMA interfaces (z is the distance from the bottom interface and y
the distance from the top interface). The top two curves confirm the results from our previous
work:® far from either interface the bulk T, value of PS is recovered Te(z = 356 nm, y > 450 nm)
=100 + 2 °C, and when one interface is approached, the local T, becomes significantly reduced
Ty(z =100 nm, y > 450 nm) = 65 = 2 °C. The lower two curves address the question of when the
presence of a second PS/PnBMA interface affects these results. From the data we can see that
this occurs when the second interface is somewhere between 260-301 nm: 7g(z = 100 nm, y =
301 nm) = 66 £ 2 °C is consistent with the data when the second y-interface is far away, while
Ty(z =100 nm, y =260 nm) = 63 = 2 °C is now further reduced by the presence of this second y-
interface. This distance of ~275 nm is approximately the distance at which bulk 7 of PS was

recovered from the single PS/PnBMA interface in our previous study® (see inset of Fig. 2).
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Figure 1. Temperature-dependent fluorescence intensity collected on cooling at 1 K/min to
identify Ty(z,y) of a 12-nm pyrene-labeled-PS layer located a distance z from the bottom
PS/PnBMA interface and a distance y from the top PS/PnBMA interface.

To more precisely identify when the presence of this second y-interface begins to further
perturb the local dynamics, we measured a series of different samples all at a fixed distance z =

100 nm from the bottom PS/PnBMA interface with varying distance y from the top PS/PnBMA



interface, as plotted in Figure 2. When the top y-interface is far away (y > 300 nm), the local
Ty(z =100 nm, y > 300 nm) = 66 = 1.6 °C (based on an average of 5 samples) are consistent with
the range of local Ty(z = 100 nm) = 64-69 °C (represented by the shaded horizontal-blue bar)
measured in our previous study with only a single interface,” as depicted in the inset of Fig. 2.
Note that this is significantly reduced from the bulk-7, value of PS = 101 + 2 °C indicated at the
top of the figure. With decreasing y-distance from the second (top) interface, we observe a
further decrease in local Tg(z,y) due to the presence of the second interface when y <290 + 10
nm, a quantitative estimate based on where a linear extrapolation of the data for y <275 nm
intersects with the shaded horizontal-blue bar. These data demonstrate that deviations to the
local dynamics from finite domain sizes occur at quite large values for these heterogeneous

polymer-polymer systems.
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Figure 2. Local Ty(z,p) at a fixed distance z =100 nm from the bottom PS/PnBMA interface as a
function of y-distance from the top PS/PnBMA interface. Horizontal-blue bar indicates local PS
Ty(z =100 nm) = 64-69 °C depression due to a single PS/PnBMA interface identified in Ref. 9

(shown in inset). Presence of second PS/PnBMA interface leads to further 7x(z,y) decrease



below y =290 £ 10 nm.

We now probe what the local Tg(z,y) profile is in such a domain of finite size. We chose
to focus on a total domain size z + y = 300 nm because, based on the data shown in Fig. 2, such a
domain size should be small enough to exhibit substantial perturbations to the local 7(z,))
profile relative to that for a single interface, while still remaining large enough such that the two
PS/PnBMA interfaces, separated by 300 nm, should not feel each other. This means that the
local T reductions at each of the PS/PnBMA interfaces should be effectively decoupled and
match that of the 7, reduction near a single PS/PnBMA interface. Figure 3 plots the local 7g(z,))
profile across a 300-nm PS domain as a function of distance z from the first PS/PnBMA
interface. Data were measured for a series of different samples with z varying from 25-150 nm
(solid symbols), while the y-layer was correspondingly varied to maintain a total domain size of z
+y =300 nm. By symmetry, the 7s(z,)) profile was extended to z = 175-275 nm (open symbols)
by mirroring the data about the midpoint of the domain. The open blue symbol at the
PS/PnBMA interface was taken from our previous work,” where the local Ty(z = 0) was found to
be 37 °C at the (single) PS/PnBMA interface. The curves through the data are simply a guide to
the eye, but highlight how this local Ty(z,y) profile within a finite domain size is flattened and
truncated relative to that found for a single PS/PnBMA interface (inset of Fig. 2) where the semi-
infinite PS domain allowed the interfacial perturbation to propagate as far as necessary for the
dynamics to recover bulk 7,. This experimental 7(z,y) profile is qualitatively similar to the local
mobility profile predicted by Tito et al.? for slabs of rubbery/glassy/rubbery material where they
also find that the interfacial perturbation to the local dynamics persists deeper into the material

within the glassy domain.
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Figure 3. Local Ty(z,y) profile across a 300-nm PS domain sandwiched between two semi-

infinite PnBMA layers measured at cooling rates of 1, 10, 15 K/min.

Figure 3 also explores the impact of increasing cooling rate on the measured 7y(z,y)
profile, where data collected at cooling rates of 10 and 15 K/min are included. Though we are
experimentally limited to a small window of cooling rates, we find that the cooling-rate
dependence shown in Fig. 3 is empirically equivalent to the film-thickness dependent 7(/)

cooling-rate data reported previously for single-layer supported PS films,?%?%2

probing the same
underlying physics as fragility.?” Fakhraai and Forrest originally demonstrated using
ellipsometry that increasing the cooling rate from 1-130 K/min resulted in a diminished 7g(4)

reduction with a weakened confinement effect.°

These studies find that the largest change in
Ty(h) occurs at smaller cooling rates.”®?’ For example, Glor and Fakhraai®® see an approximate
10 K increase in Tg(h) for a 10-nm thick film when increasing the cooling rate from 1 to 7 K/min.
Similarly, we observe a roughly 10 K increase in local Tg(z,y) near the PS/PnBMA interface
when increasing the cooling rate from 1 to 10 K/min. Thus, consistent with these previous

works, we also observe a diminished and weakened confinement effect with increased cooling



rate in these heterogeneous polymer-polymer systems.

Interestingly we do not observe that PS bulk 7 is recovered at the center of this 300 nm
domain. Previous work comparing pyrene-fluorescence to ellipsometry in single-layer PS
films*° finds that pyrene-fluorescence only identifies a single T, value, biased towards the low
end of the temperature range, even when the ellipsometry data demonstrates a broad transition in
thermal expansion coefficient. This suggests there could be a wider distribution of relaxation
times present at a given (z,y) position, but pyrene-fluorescence may only be sensitive to what
corresponds to a faster subset of such a distribution. At present this pyrene-fluorescence method
is the only experimental technique able to provide such local, depth-dependent information.
Previous localized dielectric methods®'-*? have been limited to comparatively fast time scales (>1
Hz) at higher temperatures where such confinement effects would be expected to be weaker.
Thus, new experimental techniques with depth-dependent, long-time (sub-Hz) resolution are
needed.

These results of adding a second interface and increasing the cooling rate suggest that if
computational studies, necessarily at fast time scales, are going to study such effects with
periodic boundary conditions that create finite domain sizes, one would expect to observe
shortened length scales and weaker confinement effects. Our study has only focused on limiting
the PS domain size (similar to the work of Tito et al.?); we do not address what impact limiting
the domain size of PnBMA would have that is relevant for nanolayered systems with alternating

L1417 o1 block-copolymer self-assembled lamellae systems.!®?° Regardless, the

polymer layers
results presented here provide important information about the relevant length scales within
materials with dissimilar polymer-polymer interfaces, for picking system sizes where the
presence of additional interfaces could be inadvertently affecting the local dynamics. Although
the present study does not address the underlying cause for the long length scales observed
experimentally, it does provide some reasoning for why computer simulations would see smaller
length scales. Experimental efforts are underway to address the underlying cause of the long
length scales in the systems.! We believe experiments such as the ones in this study of local
properties near dissimilar polymer-polymer interfaces could eventually provide some predictive

power to infer the macroscopic properties of heterogeneous polymer materials with different

morphologies.
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