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Abstract: The extent to which altered glass formation behavior in block copolymers and layered 

polymers results simply from local compositional mixing vs from longer-ranged dynamical 

correlations has long been unresolved. This question has become particularly acute over the last 

several decades, as a large literature has emerged demonstrating the presence of long-ranged 

dynamical gradients at polymer interfaces (such as free surfaces and substrates) that lack mixing 

effects. Here, we perform molecular dynamics simulations of glass formation at model polymer-

polymer interfaces to understand the relative roles of these mechanisms in altering dynamics 

and glass formation at interfaces in medium molecular weight polymers. Results indicate a 

crossover in mechanism from the high-χ regime, where dynamical Tg alterations near the 

interface are driven purely by dynamical gradient effects, to the low χ regime, where both local 

mixing and dynamical correlations play a role. Gradients observed in simulation are asymmetric, 

with a larger domain size required to recover bulk-like Tg on the high-Tg side than the low-Tg side 

of the interface. Tg gradient ranges are observed to grow with decreasing χ (and to generally 

exceed the range of composition gradients), but the overall practical range for recovery of bulk-

like Tg remains of order 10 nm over approximately two orders of magnitude variation in χ. These 

results provide new insight into the design of block copolymers and other nanostructured 

polymers with targeted local dynamics relevant to applications such as battery materials and 

separations. Our results also emphasize and clarify a significant mystery surrounding an apparent 

dichotomy between a large number of simulation and experimental results, including ours, 

pointing towards Tg gradient ranges on the order of 10 nm, and a second set of studies reporting 

on longer ranges up to hundreds of nm. 

Introduction  

Dynamics near interfaces in glass-forming liquids commonly exhibit significant alterations 

compared to bulk, with shifts in the glass transition temperature Tg reported to reach 50 K or 

more1–8. These alterations impact a wide range of polymeric systems9, including thin films6,10–16, 

semicrystalline polymers17–21, polymer nanocomposites22–24, ionomers25–30 and block and 

layered31–38 polymers. A substantial portion of the research on these effects has focused on 

polymers in contact with free surfaces or hard interfaces, such as rigid substrates or particles. 

There, these shifts are primarily driven by large gradients that are almost purely dynamical in 

nature, being far longer ranged than any associated interfacial thermodynamic or structural 

gradient1. A smaller body of work has probed related effects in the vicinity of polymer-polymer 

interfaces31–49. Here, interfacial intermixing can yield broader thermodynamic gradients. The 
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manner in which these broader thermodynamic gradients interact with polymers’ tendency 

towards long-ranged dynamical gradients remains poorly understood – an open question that is 

relevant to a wide range of multi-phase polymeric systems. 

An understanding of the relative roles of thermodynamic intermixing at the interface vs 
dynamical gradient effects would be relevant to the design and understanding of block 
copolymers and layered polymers, including their glass transition temperature and mechanical 
response. Indeed, a number of studies have probed altered dynamics in the interfacially-rich 
environment provided by block copolymers and have come to a range of disparate conclusions. 
For example, Robertson et al. probed the Tg of polystyrene (PS) domains in styrene-co-butadiene 
soft block copolymers with domain sizes ranging from 20 nm to 70 nm, and they argued that Tg 
shifts relative to the homopolymer were controlled by the miscibility of the two blocks and 
therefore were thermodynamically controlled43. However, more local data on a similar system 
paints a more complex picture. In particular, based on measurements of local glass transition 
temperature gradients at interfaces in PMMA/PBMA copolymers, Christie et al. determined that 
Tg gradients are not fully accounted for by composition gradients at these interfaces, even 
considering self-concentration effects32,50. Simulations of diblock copolymers31 and gradient 
copolymers40 by Slimani et al. suggest the presence of much broader dynamical gradients in 
gradient than block copolymers due to the presence of longer-ranged compositional gradients. 
However, simulations of block copolymers in cylindrical and spherical morphologies suggested 
that the Flory-Fox and Lodge-McLeish Tg mixing rules do not correctly describe the dynamical 
gradients in these systems, in qualitative accord with the findings of Christie et al.50,51 

A complementary body of work has also probed Tg shifts at interfaces in layered polymers. There 
are potentially several differences here relative to block copolymers. First, here there are no 
intrachain covalent junctions between the two chemical moieties. Second, in this case domain 
sizes can potentially far exceed those in block copolymers. Early work by Torkelson and 
coworkers suggested that layered polymers are essentially equivalent to block copolymers in 
terms of Tg effects33. More recent work by Roth and coworkers reported on spatially resolved Tg 
gradients at an interface between two layered polymers34,41,52. The overall range of these 
gradients was reported to be34,41,52 more than an order of magnitude larger than those observed 
by Christie et al.51 in the block copolymer system. Notably, the composition gradients in Baglay 
et al.’s nanolayered polymer systems are still only of order 5 nm – considerably longer-ranged 
than at a sharp interface but still dramatically shorter-ranged than the 100’s of nm range Tg 
gradients they report. These and other results from the Roth group employing this methodology 
point to extraordinarily long-ranged Tg gradients at some polymer-polymer interfaces that far 
outstrip the range of any posited composition gradient in the system34,36,41.  

At the same time that these experiments indicate that gradients at polymer-polymer interfaces 
retain a uniquely dynamical character, they also emphasize complexities suggesting sensitivity of 
the Tg gradient to the presence of a broad thermodynamic interface. Both the works of Christie 
et al.32,50 and those of Roth and coworkers34,41,52 reported a characteristic asymmetry of the Tg 
gradient, with stronger gradients observed on the high Tg side of the interface as compared to 
the low-Tg side. In contrast, a prior simulation study of polymer-polymer interfaces reported fairly 
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symmetric dynamical gradients53, raising questions as to whether those simulations simply 
coincidentally probed a different regime of behavior or if some other factor was at work. In the 
asymmetric results observed in experiment, Christie et al. reported on evidence for a mixed 
dynamic/thermodynamic effect, wherein composition gradients played an important role in 
defining the Tg gradient on the low-Tg side of the interface.  

Perhaps most strikingly and as suggested above, the Tg gradients reported by Baglay et al. were 
of range far greater than that typically associated with Tg gradients at rigid substrates or free 
surfaces, potentially suggesting that the broad nature of the polymer-polymer interface 
somehow led to much longer-ranged Tg gradients. Indeed, their works suggested that the 
massive ranges they observe only develop upon sufficient annealing of the interface to allow a 
full composition gradient to develop41. Their work also suggested that higher-χ interfaces 
possessing sharper composition gradients tend to exhibit reduced (but still immensely large 
compared to the composition gradient range) gradient ranges relative to interfaces with broader 
composition gradients52. 

On the one hand, it is well-established that dynamical gradients at thermodynamically sharp (i.e. 
hard or free surface) interfaces are far longer ranged than thermodynamic gradients1. One would 
logically expect this scenario to hold in the extremely high χ limit of very sharp polymer-polymer 
interfaces. On the other hand, the findings above begin to extend this understanding to 
thermodynamically broader polymer-polymer interfaces: (1) the breadth of thermodynamic 
gradients plays a role (if currently poorly understood) in setting the strength and range of 
dynamical gradients; however, (2) dynamical gradients are not locally controlled by 
thermodynamic gradients in any simple way. This latter finding is consistent with a broader 
literature indicating that dynamical gradients at interfaces in glass-forming liquids are not locally 
driven by thermodynamic or structural gradients1. Given this complexity, the precise relationship 
between compositional and dynamical gradients at polymer-polymer interfaces remains a 
significant open question in the field. 

These findings collectively raise a number of questions. What is the nature of the crossover 
between the Tg behavior observed in the high χ (sharp interface) and low χ (broad interface) 
regimes? Could a crossover of this kind be at play in the differing results prior simulations vs 
experiments have reported with respect to the asymmetry of the interfacial gradient? What is 
the interplay between thermodynamic and dynamical gradients in the low χ regime and how 
does this determine the overall Tg shift? Could the presence of a broad thermodynamic interface, 
combined with a large domain size, somehow lead to an orders of magnitude longer ranged 
dynamical gradient? 

In this work, we employ simulations of layered bead-spring polymers (explicitly modeling two 
layers, with periodic boundary conditions), over a large χ range, to gain insight into the answers 
to these questions. We employ large domain sizes (of order 34 bead diameters σLJ for high χ and 
45 σLJ for low χ) to ensure that the range of dynamical gradients has space to fully develop, which 
has been shown to be important experimentally54 in observing the full gradient effect. 
Simulations focus on 96-bead chains, which is somewhat above the reported entanglement 
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weight for this polymer; such that these chains are fairly long on the scale of typical bead-spring 
simulations probing glass formation behavior under nanoconfinement. However, they are still 
considerably shorter than many experiments employing polymers with molecular weights in the 
range of several hundred kg/mol. We emphasize that the choice of molecular weight can play an 
important role in mediating between the value of χ and the breadth of the interfacial composition 
gradient, at least in the low molecular weight range. In general, because we are at lower 
molecular weights than many experiments, we expect that our simulations to involve modestly 
broader interfacial composition gradients than those experiments, when compared at equal χ. 
However, based on field theoretic calculations by Broseta et al., our chains are likely reasonably 
close to the high molecular weight plateau regime in which the interface becomes molecular 
weight insensitive, and deviations from this limit in our simulations are expected to be fairly 
small55. We discuss the implications of these issues in comparing our findings to experiment 
further below. 

Our results indicate that gradients in glass transition temperature and dynamics are always 
longer-ranged than composition gradients, over a wide range of χ. However, we find that while 
these gradients are essentially purely dynamical in the high-χ limit, they transition to a distinct 
mixed thermodynamic/dynamic character with decreasing χ / increasing gradient range. 
Moreover, we find longer-ranged gradients on the high-Tg side of the interface than the low-Tg 
side, consistent with experiment, while we find the asymmetry in the magnitude of the gradient 
on each side of the interface is χ-dependent. Collectively, these findings point to the presence of 
two regimes of Tg gradient behavior at polymer-polymer interfaces – a low χ regime and a high-
χ regime, with the physics driving long-ranged dynamical gradients playing an important role in 
both. Our results do not reveal any evidence for extraordinarily long-ranged Tg gradients on the 
order of 100 nm in the equilibrium dynamics of these polymers, and we discuss possible scenarios 
for why these gradients may appear in some experiments but not in the systems probed here or 
in multiple other related simulation and experimental studies. 

Methodology  

We simulate layered polymer films comprised of 96-bead model polymer chains, in which the 
two layers possess innately differing Tg values. Simulations employ a modified variant of the 
attractive Kremer-Grest bead spring model40, possessing shortened bonds to better suppress 
crystallization56. Within this model, non-bonded beads of types i and j interact via the 12-6 binary 
Lennard-Jones (LJ) potential, 

12 12 6 64ij ijE r r       , (1) 

where the interaction is truncated at rcut = 2.5 σLJ (where σLJ is the LJ unit of length and is of order 
1 nm in real units) and where in all cases σ = 1σLJ. Bonded beads interact via a combination of the 
Finitely Extensible Nonlinear Elastic (FENE) and 12-6 LJ potentials, 
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where the second term is truncated at its minimum of 21/6 σb and where we employ range 
parameters of R0 = 1.3 and σbond = 0.8 – values that are reduced from their typical values in order 
to confer enhanced crystallization resistance56. This general class of bead-spring model has been 
widely employed to successfully probe nanoconfinement and interface effects on the glass 
transition6,16,17,35,57–72. 

We implement a Tg differential within the layered polymer by employing differential energy 
parameters for both bonded and nonbonded interactions. For the first polymer, we employ ε11 = 
1.0, K1 = 30, and εb,1 = 1.0. For the second polymer, we employ energy parameters enhanced by 
a factor of 1.3; i.e. ε22 = 1.3, K1 = 39, and εb,1 = 1.3. As shown in prior works35,73, this produces a 
situation in which the bulk Tg values of the two polymers differ by 30%; i.e. Tg2

Bulk = 1.3Tg1
Bulk.  

We then tune the value of χ and thus the breadth of the thermodynamic interface between this 
pair of polymers by tuning the cross-interaction energy parameter ε12 over a wide range of 
values: 0.25, 0.6, 0.75, 0.9, 1.05, 1.12, 1.13, 1.14, 1.142, 1.146, and 1.148. In a simple Flory-
Huggins type picture, one expects the χ parameter to be proportional to the exchange parameter 
Δε between the two species: 

2
FH

Bk T

 



  ,   (3) 

where 

 11 22 122       ,  (4) 

and where kB is Boltzmann’s constant, T is temperature, and ζ is some effective neighbor count. 
Employing ζ = 10 as a reasonable close-order estimate of typical neighbor counts in bead-based 
models and kBT = 0.5 as a reasonable temperature value reflecting a point in the glass formation 
range for this class of model, this suggests indicates that our simulations span a χ range spanning 
about two orders of magnitude. Below in the results section we compare these expectations to 
χ values inferred more directly from the interfacial composition gradient rather than estimated 
from theory. 

Simulations employed the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 
molecular dynamics simulation package74, with all simulations using Verlet integration and a 
0.005 τLJ time step (where τLJ is the LJ unit of time and corresponds approximately to a 
picosecond). All simulations employ the Nose-Hoover Thermostat/Barostat pair as implemented 
in LAMMPS, with damping parameters of 2 τLJ. Pressures P are set to 0. 

For layered simulations, numbers of chains are selected to produce polymer layers of sufficient 
thickness that the dynamics are nearly bulk-like in the mid-film. For simulations with ε12 ≤ 1.14, 
602 chains of each type are simulated with lateral dimensions of 34 σLJ x 34 σLJ, which yields 
lamellar layer thicknesses of about 34 σLJ at T=0.5. For simulations with ε12 > 1.14, the number of 
chains of each species is increased to 752, which yields layer thicknesses in the range of 45 σLJ at 
T=0.5, in order to accommodate the additional space needed for the broader thermodynamic 
interfaces in these systems. Simulations are performed with periodic boundary conditions in all 
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directions, such that systems effectively consist of a stack of alternating layers with two modeled 
explicitly. 

Initial configurations were created in a layered configuration by PACKMOL75. These 
configurations were then equilibrated at a high temperature T=1.4 in LJ units for 1.5 x 108 τLJ for 
high χ systems and for 109 τLJ for low χ systems. The longer times allowed at lower χ ensure full 
interdiffusion of the longer-ranged thermodynamic interfaces present in these systems. 
Corresponding bulk simulations are performed with 602 chains of each type. As an additional 
verification that these times were sufficient for good interface formation, we simulated the 
mixing of two initially separate layers of polymer (at the same molecular weight as our primary 
simulations), but with a cross-interaction parameter favoring full miscibility, as described below. 
The times above were more than sufficient to enable full mixing of that control system. 

Translational dynamics are quantified via the self-intermediate scattering function, computed at 
a wavenumber of q = 7.07, corresponding to approximately the first peak in the segmental 
structure factor. Relaxation times were computed by fitting the long-time response of this 
relaxation function to the Kohlraush-Williams-Watts (KWW) stretched exponential function for 
data smoothing and interpolation, and then defining the relaxation time τ as the time at which 
this function relaxes to a value of 0.2. This set of conventions for translational relaxation time 
determination is widely employed in the simulation literature64,67,76,77.  

Relaxation time analysis is performed both at a whole layer level and locally, by first binning 
particles into bins of thickness 0.875 as a function of distance from the interface (defined as the 
plane at which the mole fraction of both segment types is 0.5) and then performing the above 
analysis on particles in these local bins. Glass temperatures defined on a computational timescale 
are calculated by fitting the temperature dependence of the above relaxation time to the Vogel-
Fulcher-Tammann (VFT)78,79 equation and extracting the temperature at which the relaxation 
time is 104 τLJ. We show in supplementary figures 1 and 2 that the VFT form provides excellent 
fits to local relaxation data in these simulated systems.  This convention of defining a 
computational Tg at a timescale around the upper limit of equilibrium simulations times is 
commonly employed in the simulation literature67,80–82. By this set of conventions, the bulk Tg of 
the low-Tg and high-Tg polymers are 0.417 and 0.549, respectively, in Lennard Jones temperature 
units. 

Results 

Composition gradients and χ parameter 
We begin by quantifying the dependence of χ on the exchange parameter Δε (as controlled directly by the 

cross-interaction parameter ε12), since χ is the key variable in tuning the interface breadth at fixed 

molecular weight. A more direct estimation of the χ parameter than can be obtained via the Flory-Huggins 

approach from equations (3) and (4) can be extracted by comparing interfacial composition gradient to 

field theoretical calculations. On the basis of such calculations, Semenov suggested that the gradient of 

component A across the interface can be described by the following functional form83:  



P a g e  | 7 

 

 

 
1 2
1 tanh

2
A

z
z

 
   

, (5) 

where Δ is a measure of the breadth of the 

interface and is directly controlled by χ. Earlier 

work by Broseta et al. derived from field 

theoretic calculations the relationship between 

Δ and χ in the case of a finite molecular weight 

chain55. In the case of two immiscible, 

monodisperse polymers comprised of chains of 

equal degree of polymerization n, their 

equation reduces to 

 
1 2
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 . (6) 

Here, n is the number of segments in the chain, 

and a is the statistical segment length. Based on 

gyration radius data for the bulk simulated bead 

spring polymer, we calculate a = 1.22, with prior 

work indicating that the Kuhn segment (and 

thus statistical segment length) is fairly 

temperature-insensitive for this polymer. 

Accordingly, we compute composition gradients 

across the polymer-polymer interface at a 

temperature of approximately 0.5 in reduced 

Lennard Jones units (see Figure 1a), and we fit them to equation (5) to obtain a composition gradient 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 0.5 1 1.5 2

χ g

Δε

Figure 2. χ parameters computed from fits of 
composition gradient data to equations (5) and (6), 
plotted vs the exchange parameter defined by 
equation (4). Solid line is a fit to a proportionality, 

 2.24g   Dashed red line is a fit to a linear form, 
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Figure 1. (a) Tg of layered polymers as a function of 
distance z from an interface. χ values for each dataset, 
computed via equation (4), are shown in the legend. The 
z>0 domain corresponds to the predominantly high-Tg 
polymer domain, and the z<0 domain to the 
predominantly low-Tg polymer domain, (b) Local 
composition fraction of low-Tg polymer, for the same 
systems shown in part a, as a function of distance z from 
the interface (c) Local Tg plotted vs local fraction low-Tg 
polymer. In parts (a) and (c), the dashed line and dotted 
line represent the bulk-state Tg’s of the high-and low-Tg 
polymers, respectively. 
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breadth Δ for each system. We then employ equation (6) to infer a value of χ on the basis of this gradient 

breadth data.  

As shown by Figure 2, χg (the value of χ as inferred from the gradient) is nearly proportional to Δε within 

uncertainty, as expected from equation (3). A slightly improved fit can be obtained to a linear form 

containing a constant term to allow for the possibility of a deviation from the Flory prediction that χ = 0 

when Δε = 0. This fit suggests modest deviations from the Flory-Huggins expectation for the χ = 0 condition 

(which expects this to hold when ε12 = 1.15), finding that χ = 0 when ε12 = 1.16. However the uncertainty 

on this parameter encompasses the Flory-Huggins expectation and so it does not provide strong evidence 

of an alternative scenario on its own.  

With this in mind, we performed simulations at the 

anticipated Flory-Huggins χ = 0 condition (ε12 = 

1.15, Δε = 0) and slightly beyond this condition (ε12 

= 1.155) to assess whether an upward deviation 

from the Flory-Huggins scenario is genuinely 

present in our χ model. As shown by Figure 3, the 

system does not fully mix at ε12 = 1.15 but does 

fully mix at ε12 = 1.155. This suggests that the zero 

χ condition does require at least a slightly-stronger 

cross-interaction than anticipated by the Flory 

Huggins model. Moreover, because these chains 

are of finite molecular weight, mixing is expected 

at slightly positive χ. We thus conclude that the fit 

value of 1.16 obtained based on the fits to gradient 

forms above is reasonable. Throughout the 

remainder of this paper, we therefore report χ values for each system obtained via the best fit linear 

relation observed above, i.e. 

2.20 0.564    . (7) 

Relationship between Tg and composition gradients 
We continue by quantifying the interfacial Tg gradients present in these systems and probing the 

extent to which local variation in Tg can be understood based upon local variation in composition 

φ (defined as the fraction of beads of a given type at a distance z from the interface) within a 

local-mixing perspective. Tg gradients for a representative subset of systems are depicted in Figure 

1b. As can be seen here, gradients on the low-Tg side of the interface exhibit a profound 

dependence on χ, with a transition from local Tg suppression in the ultra-high χ limit (previously 

show to be associated with a local density suppression at the interface in this limit35) to Tg 

enhancement observed with increasing χ. The χ-dependence of Tg on the high-Tg side of the 

interface is relatively muted. This local behavior is consistent with prior reports from our group 

of the dependence of whole-layer Tg of thinner layered polymers on cross interaction, which 
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Figure 3. Composition profiles for system with ε12 = 1.15 
(blue x’s) and 1.155 (black triangles), at a temperature of 
1.4 in reduced LJ units. 
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found a crossover from suppression to enhancement of Tg for polymers under hard confinement 

but not those under soft confinement35.  

As discussed in the introduction, a classical hypothesis for the origins of these types of gradients 

at polymer-polymer interfaces is a simple local mixing perspective - the  idea that the local Tg is 

controlled by local composition via some mixing rule (either the classical Fox mixing rule or a 

more advanced model accounting for self-concentration corrections84). For example, the Fox 

mixing rule suggests that Tg is set by composition as 

1 ,1 2 ,21 g g gT w T w T   (8) 

where w1 and w2 are the weight fractions of species 1 and 2 and Tg,1 and Tg,2 are their pure-state 

Tg’s. This type of mixing rule was conceived of at a bulk, mean system level, but is often applied 

locally in an effort to understand local variations in Tg in compositionally heterogeneous systems. 

To what extent is Tg within these gradients locally controlled by composition in a manner that 

might reflect such a scenario?  

To begin answering this question, we can first compare these Tg gradients to the data in Figure 1a 

for local composition gradients in these same systems. This figure provides an initial indication 

that a local mixing perspective is insufficient: composition gradients can be visually seen to be 

shorter-ranged than Tg gradients in the same systems. This conclusion becomes even more clear 

in Figure 1c, where we plot local Tg vs local composition for the same systems shown in Figure 1a. 

This plot exhibits three features indicating that Tg is not purely locally controlled by composition 

in a manner that would be consistent with any local mixing scenario, whether accounting for self-

concentration effects or not. First, and most minimally, the data do not conform with a local Fox 

mixing rule; however, from this point alone one might conclude merely that the Fox equation is 

inadequate; the next two points are more generally dispositive. Second, the local relationship 

between Tg and composition itself depends strongly on χ. This is in contrast with the basic 

expectations of a mixing perspective, which anticipate a universal local relationship between Tg 

and composition for these systems at all χ, with differences in Tg gradients driven by χ-dependent 

variation in the composition gradient breadth. Different mixing rules are expected to differ 

merely in the form of this expected relationship. Finally, and most definitively, a large portion of 

the Tg variation for any system occurs at constant composition – either within pure low-Tg 

polymer or pure high-Tg polymer, as indicated by the vertical domains of each data set at the left 

and right axes. This definitively indicates strong variation of Tg at distances from the interface at 

which composition gradients are entirely absent – an effect that cannot be accounted for by any 

composition-based local mixing rule.  

In order to understand how a more classical analysis of these gradients in the context of a mixing 

rule might play out, we show in Figure 4 Tg gradients, composition gradients, and corresponding 

Fox predictions of Tg gradients from the composition gradients for a pair of representative high-

χ and low-χ systems. As can be seen there, generally the composition gradients are appreciably 

shorter ranged than the Tg gradients, and therefore the Fox mixing rule predictions of the Tg 
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gradients are qualitatively incorrect. This is 

consistent with the findings from Figure 1. 

Figure 4a, however, indicates that the 

quantitative failure of mixing-based 

approaches will tend to be small for the 

low-Tg side of the interface in the high-χ 

limit. This is consistent with Christie et al.’s 

observation that the Lodge-McLeish 

mixing rule could describe Tg gradients on 

the low-Tg side of the interface but not the 

high Tg side.32 Figure 4a, however, suggests 

that this impression simply arises from the 

fact that Tg-gradients on the low-Tg side 

can be weak in this case, such that there is 

little Tg variation for which to account. The 

inability of mixing rules to predict the Tg 

behavior more broadly over a range of χ in 

Figure 1 indicates that a mixing approach 

does not causally predict the Tg gradient. 

Does the absence of a general local 

relationship between Tg and composition 

indicate that the breadth of composition 

gradients is irrelevant to the Tg gradient? 

In order to begin answering this question, 

we consider several initial measures of the sharpness and breadth of the Tg and composition 

gradients.  

First, we consider a simple measure of inverse sharpness of each gradient immediately around 

the interface - the inverse of the gradient’s slope at z = 0. In Figure 5, we plot this quantity for the 

composition gradient (i.e.  
0z

dz d 


 ) and for the normalized Tg gradient ΔTg/Tg(z) (i.e. 

 
0

Tg g g
z

T dz dT


  ), where ΔTg is the difference between the bulk Tg’s of the two polymers 

(the property for the composition gradient is inherently normalized since composition runs from 

0 to 1). These ratios report an effective length scale quantifying the breadth of the interface that 

would be expected if the gradient were linear with slope equal to that observed at z = 0.  

As can be seen in Figure 5a, the inverse interfacial sharpness of both composition and Tg gradients 

depend on χ, with the inverse sharpness of both gradients increasing as χ drops. As shown by 

Figure 5b, with decreasing log(χ) the Tg inverse sharpness initially grows more rapidly than the 

composition inverse sharpness. However, as shown by Figure 5c, below χ ≅ 1 the difference 

between αTg and αϕ becomes much less χ dependent, entering a soft plateau or at least a region 
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Figure 4. Tg gradient (blue circles), composition gradient 
(red diamonds), and predicted Tg gradient via the Fox 
equation and employing local compositions, plotted vs 
distance from the interface for (a) χ = 1.8 and (b) χ = 0.07. 
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of very weak χ dependence. In this low χ 

regime, αTg saturates to the composition 

inverse sharpness plus a an approximate 

constant of about 4σLJ (about 4 nm in real 

units): 
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This indicates two things. First, consistent 

with Figure 1 and Figure 4, this suggests that 

Tg gradients are appreciably longer ranged 

than composition gradients such that local 

Tg cannot be fully locally controlled by local 

composition. On the other hand, this 

suggests that at least for low χ (less than 

about 1 at this molecular weight, but we 

expect this crossover to be most directly 

controlled by interfacial composition 

gradient breadth rather than χ), changes in 

the interfacial sharpness of Tg gradients 

track with changes in the interfacial 

sharpness of composition gradients as χ is 

varied. In essence, in this regime, 

broadening of the interfacial composition 

gradient indeed linearly drives broadening 

in the Tg gradient. 

We next consider a measure of the 

breadth of each gradient over a larger 

range around the interface (rather than 

immediately near the interface as in the 

prior metric): the effective ‘interquartile’ 

distance dIQ between the point at which 

the composition is comprised of 25% low-

Tg polymer and the point at which it is 

comprised of 75% low-Tg polymer. 

Similarly, we can compute the same 

quantity for Tg itself by considering the 

positions at which the gradient has 

traversed 25% and 75% of the difference between the bulk Tg’s of the low-Tg and high-Tg 

polymers. The results can be seen in Figure 5c. Despite the fact that the ranges in Figure 5a report 
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Figure 5. Measures of gradient breadth plotted vs χ. (a) 

Inverse derivative of normalized Tg with respect to 
position at the interface (z=0) (orange rhombus) and 
inverse derivative of composition with respect to position 
at the interface (z=0) (purple squares). (b) Difference 
between inverse derivative of composition with respect 
to position at the interface (z=0) and inverse derivative of 
glass transition with respect to position at the interface 
(z=0). (c) Distance between the planes at which the 
composition (orange triangles) and Tg (purple squares) 
have traversed 25% and 75% of the difference between 
their values in the pure low-Tg and high-Tg polymers, as 
described in the text. 
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on inverse sharpness near the interface whereas Figure 5c reports on a breadth across most of 

the gradient, both exhibit similar qualitative features: dIQ is also consistently larger for Tg than for 

composition, and the gradients generally grow in range upon reducing χ. The former observation 

confirms again that the Tg gradient is larger in range than the composition gradient. In this case 

the difference between dIQ for Tg and ϕ does not exhibit a clear trend with χ beyond the noise in 

the data; rather dIQ
Tg-dIQ

ϕ is approximately constant at 1.9 ± 0.6 (where the range is the standard 

deviation over χ) over the χ range. Evidently also by this measure, the range of Tg gradients tracks 

fairly closely with the range of composition gradients, plus a constant. 

These findings are qualitatively consistent with the mix of literature findings above: composition 

gradients matter for Tg gradients, but a local Tg mixing picture does not hold within the gradient.  

Gradient asymmetry and 

range 
To better understand the mechanism for 

this apparently combined 

thermodynamic/dynamic phenomenon, 

and to probe its impacts on the features of 

gradient asymmetry and range discussed 

above, we now aim to more quantitatively 

measure the magnitude and range of 

gradients differentially on either side of the 

interface. To do so, we first quantify the 

portion of the overall Tg gradient magnitude 

that is found on the high-Tg vs low-Tg sides 

of the interface. The overall Tg difference ΔTg 

between the bulk Tgs of the two polymers is 

equal to 0.132 in reduced LJ temperature 

units. However, there is no physical 

requirement that this total change be evenly 

divided between the two sides of the 

interface. A local Tg mixing picture would 

anticipate near symmetry (i.e. a total Tg 

gradient magnitude of about 0.67 LJ 

temperature units on either side of the 

interface), because by definition the 

segmental mole fraction is 50% at the 

interface. 
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Figure 6. (a) Difference between glass transition 
temperature at interface and bulk of high-Tg polymer (open 
orange circle) and low-Tg polymer (closed blue circle). (b) 
Exponential decay length scale of interfacial Tg gradients 
temperatures for low-Tg (filled blue circle) and high-Tg (open 
orange circle) polymers and exponential decay length scale 
of composition gradients for rubbery (filled blue square) and 
glassy (open orange square) polymers, all plotted vs. χ. Error 
bars in part (b) are 95% confidence intervals on the fit 
parameters.  
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As can be seen in Figure 6a, the magnitude of the Tg gradient is found to be highly asymmetric at 

high χ, with a larger magnitude gradient on the high-Tg side than the low-Tg side. This is 

qualitatively consistent with the findings of both Roth and coworkers34,36,41 and of Christie et 

al.32,50, who reported on Tg gradients in layered polymers and block copolymers, respectively, in 

which the majority of the Tg gradient magnitude is found on the high-Tg side of the interface. 

Quantitatively, at the highest χ values we simulate we find that the magnitude of the Tg gradient 

on the high-Tg side is about 3 times that on the low-Tg side. Notably, however, we find that this 

asymmetry weakens and ultimately vanishes upon approach to the ultra-low-chi limit. For χ < 

0.15 in our simulations, the gradient is evenly divided between the two halves of the interface in 

terms of magnitude. 

We next consider the range of the Tg and composition gradients on either side of the interface. 

Extensive evidence indicates that Tg gradients at free surfaces obey an exponential gradient form 

over at least approximately 10 nm near the interface1,6,57,70,71,85–87. It is natural to hypothesize 

that a similar gradient form holds here. Indeed, as shown in Figure 7, we find that the gradients 

in our simulated systems likewise obey this functional form. This is a finding of considerable 

interest in its own right, indicating that the dynamical gradient form that is observed at free 

surfaces also describes dynamics near polymer-polymer interfaces over a wide range of χ. Since 

the functional form of the gradient is an important signature of the physics governing this 

gradient1, this suggests a common mechanism for dynamical gradients near free surfaces and at 

polymer-polymer interfaces. With this functional form verified, we fit the gradient on either side 

of the interface to an exponential decay form for each value of χ, and we extract the exponential 

decay length scale ξTg. To extract a consistently defined measure of the range of the composition 

gradient, we similarly extract composition gradient data at T=0.5 and fit them to an exponential 

decay form with respect to distance from the interface, with decay constant ξφ. As shown in Figure 

7, the composition gradients can be reasonably well described by an exponential decay to leading 

order, although not as well as can the Tg gradients. The results of these exponential fits, shown 

in Figure 6b, reveal several striking features of the interface.  

First, the dynamical interface is indeed asymmetric, with the range considerably longer on the 

high Tg side than the low Tg side. This finding appears to be qualitatively consistent with the 

experimentally observed Tg gradient asymmetries of Baglay et al.34,41 and of Christie et al.50,51 

One exception we observe to this asymmetry is at the very highest χ probed, where the low-Tg 

gradient increases in range to match that of the gradient on the high-Tg side. This occurs because 

here the value of χ is so high that Tg actually drops with approach to the interface from both 

sides. Our prior work suggests that this is because there is a density minimum at the interface at 

these extraordinarily high χ values, such that the interface begins to resemble a free surface35. 

This suggests a general rule that generalizes prior simulation results at free surfaces vs 

substrates64,86,87 and is consistent with recent theoretical predictions88 of the Elastically Collective 

Nonlinear Langevin Equation Theory of glass formation89,90 – Tg gradients tend to be somewhat 

longer-ranged at interfaces where Tg drops than at interfaces where Tg increases relative to bulk. 

We also note that there appears to be an anomalous drop in the range of the Tg gradient on the 
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low-Tg side of the interface around χ = 2. This feature is beyond uncertainty, but we have no 

insight into its origins However, it appears to be localized to a small χ range just short of the 

compensation condition at which the Tg gradient on the low-χ side vanishes before transitioning 

from an increasing (at low χ) to a decreasing (at extraordinarily high χ) gradient. 

At the same time, Figure 6b indicates that the composition gradient is symmetric across the 

interface across all χ, and that it is several σLJ (nm) shorter in range than the Tg gradient across all 

χ. This indicates that the asymmetry in the Tg gradient does not arise due to some underlying 

thermodynamic gradient asymmetry, but is instead purely dynamical in nature. This would be 

consistent with prior simulations and theory suggesting that Tg gradients at free surfaces may be 

generally longer ranged than those at substrates64,86,87. The generally longer range of the 

dynamical gradient than thermodynamic gradients, together with the asymmetry, again 

emphasizes that local Tg alterations cannot be understood based upon some local mixing rule. 

This is also consistent with Figure 7, where it is visually clear that Tg gradients are of significantly 

larger range than composition gradients. 
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Figure 7. Exponential fits (lines) of glass transition temperature for high-Tg polymer (open orange circles) and 
composition for high-Tg polymer (open orange squares), and glass transition temperature for low-Tg polymer 
(filled blue circles) and composition for low-Tg polymer (filled blue squares) (a) for χ = 0.19 , (b) χ =0.14, (c) χ =0.08, 
(d) p=0.06.  
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Similar to the findings shown in Figure 5, Figure 6b indicates that the range of both dynamical and 

thermodynamic gradients grow with decreasing χ. This again emphasizes the finding that, at low 

χ, the dynamical gradients involve a mixed thermodynamic/dynamic origin, with a broad 

composition gradient naturally generating a broad dynamical gradient, but dynamical gradients 

of a purely dynamical origin extending even beyond that. It is also notable that this figure 

suggests a substantial reduction in the asymmetry of the Tg gradient as χ is reduced to the point 

at which the innate ranges of the composition and dynamical gradients become comparable – a 

reasonable result given that the composition gradients are themselves symmetric. This may 

explain the results of the prior simulation study that reported more symmetric dynamical 

gradients in a system with a fairly broad interfacial composition gradient53. 

Discussion 

The findings above, combined with prior literature, indicate that variations in χ have two distinct 

effects on dynamical gradients near the interface. First, χ is a proxy for the strength of cross-

attractive-interactions, relative to self-interactions, between the two species. Prior works have 

suggested that the strength of cross interactions at an interface mediates the degree of 

dynamical coupling across the interface. For example, for a film on a rigid substrate or exposed 

to a much higher-Tg underlayer, this manifests in the form of larger Tg-enhancements in the 

presence of stronger cross-attractions35,66,91. Here, it can be seen in a more symmetric magnitude 

of Tg alterations on the two sides of the interface as χ is reduced (cross-interactions 

strengthened). 

Second, and distinct from this magnitude effect, the presence of thermodynamically broad 

interfaces enhances the range of Tg and dynamical gradients relative to the sharp-gradient (high-

χ) limit. This enhancement takes the form of a rough additivity between the range of composition 

gradients and the innate range of dynamical and Tg gradients. Crucially, here the key variable is 

almost certainly the range of the composition gradient and not χ directly. Prior field theoretic 

work has shown that, at low molecular weights, molecular weight variations alter the 

composition gradient range55. At high molecular weights, the composition gradient saturates to 

a molecular-weight-independent range55,83. We thus expect that, for low molecular weights, 

variations in molecular weight will quantitatively alter the effects observed above even at fixed 

χ.  

The simulations here involve relatively high molecular weights on the scale of simulation, with  

equation (6) suggesting they should be relatively close to, but not quite at, the high molecular 

weight limit of composition gradient range. The much higher molecular weights employed in 

many experiments may thus imply a modestly lower-χ crossover from the high-χ to low-χ gradient 

regimes reported above than we observe here (reflecting the sharper composition gradients 

present at the higher molecular weights probed in experiment). This may be relevant to the 

question of why highly asymmetric gradients have been reported in experiments at high 
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molecular weight but at relatively low χ, where in our results the asymmetry remains present but 

is perhaps somewhat muted. We expect more profound effects in simulations and experiments 

at lower molecular weights, where this transition could be pushed to considerably higher χ. 

Perhaps more profoundly, the type of roughly additive range enhancement between 

composition and dynamical gradients discussed above seemingly cannot account for the 

extraordinarily long-ranged gradients (>100 nm) reported by Baglay et al.34,41 However, our 

findings are qualitatively consistent with a number of other experimental findings. They are 

consistent with spatially resolved Tg gradients probed in block copolymers, in terms of both the 

approximate range of the gradient and the asymmetry of the Tg gradient50,51. In the high-χ limit, 

they are consistent with recent measurements of free surface diffusion in small molecules in 

terms of the range of the dynamical gradient (several nm exponential decay range) and the 

implied functional form of the gradients (exponential Tg gradients here, double exponential 

diffusion rate gradients there)85,92. This suggests that the difference between our findings and 

the behavior observed by Baglay et al. is not simply a matter of the time scale accessed by 

experiment vs simulation.  

Moreover, until now it seemed at least plausible that the difference in the ranges probed by 

Baglay et al. (>100 nm) as compared to Christie et al. (comparable to our findings) was a finite 

size truncation effect52 associated with the limited domain sizes accessible in the block 

copolymers probed there. However, in our present simulations the domain size is considerably 

larger than twice the exponential gradient range, such that it is not plausible that ‘lack of space’ 

is restricting the gradient range. This indicates that domain size limitations alone are not the 

relevant difference. 

Moreover, there are ample historical literature reasons to believe that the range of Tg gradients 

cannot universally be of order 100 nm at polymer-polymer interfaces. In particular, a long history 

of measurements of Tg in block copolymers (for example by calorimetry) has often reported on 

two distinct Tg’s in these systems rather than a single broad Tg.47,93 This ubiquitous observation 

would not be consistent with the universal presence of 100 nm or more Tg gradients, since 

domain sizes in block copolymers are well less than that scale. On the other hand, this common 

experimental block copolymer behavior is entirely consistent with our results. Within our 

findings, in the limit of high-χ one expects Tg gradients of modest length, with an exponential 

decay range of 3 nm on the high-Tg side and 1-2 nm on the low-Tg side (with decay of interfacial 

Tg perturbations by 90% at 2.3 times these distances). This will naturally yield many block 

copolymers with substantial bulk-like Tg content, even though the interfacial Tg gradient is 

appreciably broader than the composition gradient. At the same time, it anticipates broadening 

of Tg’s in block copolymers over a range of χ values, which would seem to qualitatively accord 

with common observations to this effect43,94. Indeed, one might expect considerable broadening 

of the Tg gradient at exceptionally low χ where the composition gradients themselves are 

exceptionally broad, which could accord with incredibly broad Tg DSC measurements in low-χ 

block copolymers such as polystyrene-block-poly(alpha-methyl styrene)95. 
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All of this leaves open the question of the origin in the disparity between the larger Tg gradient 

range reported by Baglay et al.85,92 (and also possibly implied by earlier fluorescence Tg 

measurements in some high molecular weight films12) and the shorter range observed here and 

in other simulations31, reported by Christie et al.32,50  and Li et al.85 in experiment, and implied by 

the long history of block copolymer Tg measurements93.  More recent work by the Roth group 

has added to this mystery, reporting on very long-ranged Tg gradients near substrates at 

extremely low grafting densities96. We do not have an answer to this question, and indeed in our 

view it is a significant open question in the field. However, our work combined with prior 

literature does perhaps narrow the range of plausible explanations. As noted above, neither 

timescale differences nor finite size effects alone appear to be sufficient to account for the 

difference.  

Another possibility may be that very high molecular weights may play a role, as the use of high 

molecular weights is fairly standard in the fluorescence measurements used by Roth and 

coworkers and many others. However, we note that the molecular weights employed here (96-

bead chains) appreciably exceed the molecular weights of our prior work in this area (typically 

20-bead chains) and are at least modestly over the entanglement molecular weight for these 

chains, which is reported to be 86 beads97. Moreover, these molecular weights are reasonably 

close to (but not quite at) the high molecular weight limit of the relationship between gradient 

breadth and χ, as per equation (6). Despite this higher molecular weight, the gradient ranges we 

report in the extreme high-χ limit (which we have previously shown resemble a free surface as 

discussed above35) are in reasonable agreement with ranges reported in our prior work at those 

lower molecular weights68,70,71. They are also in agreement with other prior simulation work 

probing the range of these gradients1,98,99, and with recent experimental work in small 

molecules85. There thus appears to be essentially no growth in the range of the purely dynamical 

portion of the gradients over a range spanning at least from small molecules to light 

entanglement. This would not appear to be consistent with a scenario in which the chain scale 

itself plays some role in amplifying the range of the dynamical portion of the gradients. 

On the other hand, depending on how one performs the conversion (on the basis of 

entanglement molecular weight or Kuhn segment), a 92-bead chain maps to a polystyrene chain 

on the order of 16,000 to 40,000 g/mol, which is still far below the molecular weights employed 

by Roth and coworkers. We cannot rule out that some new effect comes into play at extremely 

high molecular weights in the range of hundreds of thousands, which incidentally is also where a 

second, molecular-weight-dependent, Tg has been reported in thin films100. However, it is of 

natural interest to ask what possible mechanism could emerge at these high molecular weights 

of which no hint is observable in the lightly entangled regime. Work by Soyoung and Torkelson 

has suggested that de Gennes’ proposed sliding mechanism101, which was earlier proposed as a 

possible mechanism for novel confinement effects at high molecular weights, does not play a 

role in thin film Tg behavior36, such that it seems to be an implausible proposition here as well. In 

equilibrium, an entanglement-based mechanism would seem implausible as well: entanglement 

is a dynamical rather than structural phenomenon, and it involves timescales much longer than 
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segmental relaxation, such that the arrow of causality generally points from segmental dynamics 

to entanglement dynamics, and not the other way around. We are therefore unaware of any 

viable proposed mechanism by which high molecular weights could lead to a dramatic 

enhancement in the range of Tg gradients.  

Another class of possibilities might center around differences in the quantity being measured 

here versus in Roth and coworkers’ experiments. Here we probe in-equilibrium dynamics and the 

inferred equilibrium dynamical glass transition temperature. The experiments, on the other 

hand, probe a pseudo-thermodynamic Tg measured on cooling. There have been suggestions in 

the literature that there may be intrinsic differences between interface effects on Tg and those 

on dynamics102,103. However, this remains a matter of considerable debate, and the question of 

whether a gradient in dynamics of range order 10 nm could somehow be consistent with a 

gradient in pseudo-thermodynamic Tg of order 100 nm is not settled. Nor are differences in the 

manner in which dynamic and pseudo-thermodynamic measurements weight over local 

gradients104 likely to be at work here, since the simulations and several of the key experiments in 

question are directly reporting local properties. 

Recently, Roth and coworkers have suggested that alterations in the propagation of phonon 

modes across the interface as the composition gradient breadth varies may play a role in yielding 

the long ranges they observe52. However, as they note, the precise mechanism by which this 

might alter Tg is not clear, and nor is it clear why these proposed effects would be absent from 

molecular dynamics simulations. In our simulations in particular, the lateral box dimension is 

comparable to the domain size and the domain size appreciable exceeds the observed gradient 

range, so that no aphysical finite size truncation of such density waves is expected. 

Collectively, the seeming difference between the two sets of Tg gradient ranges observed in the 

literature at glass-forming interfaces thus remains a major unanswered mystery in the field. One 

plausible scenario for resolving the seeming quandary summarized above is that a combination 

of multiple differences involving some of molecular weight, time scale, equilibration state, and 

perhaps other factors, may be needed to account for this dichotomy if no single factor can alone.  

Conclusions 

Glass formation behavior at polymer-polymer interfaces is relevant to a wide range of multiphase 

polymeric systems, including block copolymers, layered polymers, and polymeric adhesives. It is 

now well established that polymers exhibit a tendency towards gradients in Tg and dynamics over 

a range exceeding typical gradients in structure, thermodynamics, and composition. Here, we 

employ simulations to understand how this tendency towards long-ranged gradients plays out in 

the presence of the broad (and χ-dependent) composition gradients present at polymer-polymer 

interfaces. Our results point to a transition from purely dynamical Tg gradients in the high-χ limit 

to a mixed composition/dynamical gradient at lower χ. In this latter case, the ranges of the 

composition and dynamical contributions to the gradient appear to be nearly additive. Consistent 
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with experiment, the Tg gradient is found to be asymmetric, with longer ranged effects on the 

high-Tg side than the low-Tg side of the gradient. This type of asymmetry – longer-ranged Tg 

gradients at soft interfaces than hard interfaces – was predicted in 2013 by Tito et al based upon 

a kinetic lattice model105. More recently, it has been predicted by the Elastically Collective 

Nonlinear Langevin Equation Theory of glass formation89,90, which has been shown to predict 

numerous features of the altered dynamics observed near free surfaces and substrates1,72,88,106. 

There, this behavior emerges as a consequence of the combination of caging and long-ranged 

elastic effects that underlie that theory88.  

This behavior may be of considerable relevance to the design of block copolymers for applications 

such as next generation ion conductors and block copolymer membranes, where an 

understanding of the profile of mobility within the domains is of particular importance in 

mediating transport behavior.107–110 The dynamical gradient effect we report above is expected 

to be of pronounced importance in the strong and intermediate segregation regimes, where our 

results suggest that Tg gradients will extend over a longer range than composition gradients. In 

effect, it may be possible for a block copolymer system to be in a weak ‘Tg segregation regime’ 

while being in an intermediate or strong ‘composition segregation regime’. This observation may 

bear on the interpretation of DSC measurements in block copolymer systems, for example. On 

the other hand, block copolymers in the weak segregation limit, where the interfacial 

composition gradient extends essentially through the full domain, logically cannot exhibit a 

longer ranged dynamical gradient than composition gradient, because there is no available space. 

However, the results above suggest that one should expect larger local Tg variations in these 

systems than would be expected from local composition mixing effects alone, due to the 

combined thermodynamic/dynamic origin of Tg gradients under these circumstances. This type 

of effect is likely to be subtle, but it may be significant in influencing transport rates in weakly 

segregated block copolymer domains.  

The gradient asymmetry observed here is also of considerable potential importance to the design 

of block copolymers for transport applications. Enhancements in the Tg of a rubbery domain in a 

rubbery/glassy block copolymer can play an adverse role in performance, reducing transport 

rates and thus impeding ion mobility (exe. in polymeric electrolytes for battery applications) or 

permeability108–110. Conversely, suppressions in the Tg on the high-Tg side in these systems can 

conversely impact mechanical properties, as the glassy domain is generally intended to maintain 

mechanical cohesion or establish a high modulus on the macrosale. Our findings of a generally 

larger range on the high-Tg side, which accord qualitatively with experiment, thus may suggest 

that modestly larger block lengths are needed on glassy than on rubbery sides to ensure the 

presence of a bulk-like region within each microphase separated domain.  

Indeed, our data in Figure 6 allow for an approximate estimate of the domain sizes necessary to 

ensure that a bulk-like Tg domain is present in each domain type. While an exact conversion from 

the length scales we observe in simulation to experimental values is not possible, standard 

conversions and comparison with the experimental gradient data of Li et al85 suggest a 
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conversion of approximately 1 bead diameter to 1 nm. One reasonable measure for recovery of 

a bulk-like region in the mid-film is the domain size for which 90% of the interfacial Tg 

perturbation decays by the domain midline. Employing this convention, the range data in Figure 

6 suggest that for high-χ systems a region of bulklike Tg should be recovered around a ~15 nm 

domain size on the high-Tg side and ~6-9 nm on the low-Tg side. With decreasing χ, our data 

suggest that the required domain size for recovery of bulk regions grows, with Figure 6 suggesting 

that at the lowest χ value we probe domain sizes of ~23 nm and ~20 nm are required on the high- 

and low-Tg sides, respectively, to ensure that a region of bulk-like Tg is present along the domain 

midline. We note that in interpreting these values, it is essential to account for the fact that 

distinct Tg metrologies (exe. dynamic scanning calorimetry vs dielectric spectroscopy) average 

differently over these local gradients67,104,111–121, such that the precise thickness for which bulk-like 

Tg behavior dominates will be metrology dependent. 

We note that the literature appears to reflect a dichotomy of reported length scales for Tg 

gradients, with simulation studies65–67,70,71,86,87, studies in small molecules92, and studies in most 

block copolymers51,93 suggesting ranges that seem consistent with those we find here. On the 

other hand, another set of studies in high molecular weight polymers, and usually employing 

fluorescence Tg measurements, have pointed towards considerably longer length scales8 (on the 

order of many tens or perhaps hundreds of nm) at high molecular weights near polymer-polymer 

interfaces34,41, lightly grafted substrates96, and possibly in supported films12. We suggest that this 

dichotomy, which to our knowledge remains unexplained, is one of the major open questions in 

this field. However, our results combined with literature data likely rule out several possible 

explanations. We find that simple thermodynamic broadening of the interface does not 

sufficiently amplify the Tg gradient range to account for the larger-ranged set of results. Our box 

is large enough to rule out a simple finite-domain-size truncation of the gradient range54, such 

that differences in domain sizes of block copolymers (in the smaller reported range set) vs thick 

layered polymers (in the larger reported range set) are not on their own a likely explanation. 

Accordance of our simulated ranges with those reported in experiment by Li et al85 and by Christie 

et al.51 rule out simulation timescale limitations as a sole cause of the difference. It seems 

plausible that a combination of differences rather than a single factor may be necessary to 

account for these two distinct datasets. We expect that highly targeted simulations and 

experiments will be necessary to resolve this major remaining open question. 
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