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Abstract: Interfaces of glassy materials such as thin films, blends, and composites create strong unidirectional gradients

to the local heterogeneous dynamics that can be used to elucidate the length scales and mechanisms associated with the

dynamic heterogeneity of glasses. We focus on bilayer films of two di↵erent polymers with very di↵erent glass transition

temperatures (Tg) where previous work has demonstrated a long-range (⇠200 nm) profile in local Tg(z) is established

between immiscible glassy and rubbery polymer domains when the polymer-polymer interface is formed to equilibrium.

Here, we demonstrate that an equally long-ranged gradient in local modulus eG(z) is established when the polymer-polymer

interface (⇡5 nm) is formed between domains of glassy polystyrene (PS) and rubbery poly(butadiene) (PB), consistent

with previous reports of a broad Tg(z) profile in this system. A continuum physics model for the shear wave propagation

caused by a quartz crystal microbalance (QCM) across a PB/PS bilayer film is used to measure the viscoelastic properties

of the bilayer during the evolution of the PB/PS interface showing the development of a broad gradient in local modulus

eG(z) spanning ⇡180 nm between the glassy and rubbery domains of PS and PB. We suggest these broad profiles in Tg(z)

and eG(z) arise from a coupling of the spectrum of vibrational modes across the polymer-polymer interface as a result of

acoustic impedance matching of sound waves with � ⇠ 5 nm during interface broadening that can then trigger density

fluctuations in the neighboring domain.

Significance: How variations in density fluctuations across glasses influence local heterogeneous dynamics is central to

understanding amorphous materials and the glass transition. Placing glassy and rubbery polymer domains in contact, we

experimentally demonstrate the emergence of a long-range ⇠200 nm gradient in local modulus as the polymer-polymer

interface forms, in agreement with previously reported long-range ⇠200 nm gradients in local glass transition temperature.

We propose vibrational waves ⇠5 nm that interact with localized soft collective excitations propagate across the ⇠5 nm

polymer-polymer interface when formed coupling the vibrational spectrum and causing density fluctuations that influence

collective ↵-relaxation events and associated local properties over long distances. These observations make visible a

long-range mechanism not included in current theoretical e↵orts.
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G
lasses are characterized by spatial and dynamical
heterogeneities in their local mobility associated

with local packing frustrations. One method of access-
ing information about the nature of these heterogeneous
dynamics and their length scales is to study systems
with a perturbing interface that creates a strong uni-
directional gradient to the local mobility (1–6). Several
years ago Baglay and Roth used localized pyrene fluores-
cence to map the profile in local glass transition temper-
ature Tg(z) as a function of position across a polymer-
polymer interface between two semi-infinite domains of
poly(n-butyl methacrylate) (PnBMA) and polystyrene
(PS), two immiscible polymers whose di↵erence in bulk
Tg spanned �Tg = T bulk

g PS
� T bulk

g PnBMA
= 80 K

(7). This weakly immiscible system showed a remark-
ably broad and asymmetric Tg(z) profile (Fig. 1A) that
was well fit by a sigmoidal curve of the form Tg(z) =

T av
g + 1

2�Tg tanh
h
2(z��)
WTg

i
, where the width of this broad

Tg(z) profile WTg = 230 nm and o↵set � = 80 nm was bi-
ased towards the sti↵er glassier polymer. Similar broad
Tg(z) profiles have since been measured in a number of
other weakly immiscible polymer systems all with com-
positional interfacial widths wI = 5–7 nm, including PS
and poly(butadiene) (PB) (Fig. 1A) (8, 9).

One of the key findings from these results was that
this broad Tg(z) profile does not occur unless the inter-
face between the two dissimilar polymers is annealed to
equilibrium (4, 8). The interface that forms between two
immiscible polymers upon annealing at elevated tem-
perature above the T bulk

g of both polymers reflects a
competition between the entropic penalty of distorting
the chain at a sharp interface and the energetic cost
of creating more unfavorable monomer-monomer con-
tacts. This balance results in an equilibrium composi-
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tion profile �(z) = 1
2

h
1 + tanh

⇣
2z
wI

⌘i
with an interfacial

width wI = 2bp
6�

for high molecular weight polymers

that strongly depends on the interaction parameter �
between the polymer pair, where b is the statistical seg-
ment length of order a monomer size (10). The broad
Tg(z) profiles were observed for weakly immiscible sys-
tems with wI = 5–7 nm (7–9), while recent work by
Gagnon and Roth on the much more strongly immis-
cible PS/PDMS system with wI ⇡ 1.5 nm found the
breadth of the Tg(z) profile to be reduced by a factor
of three (11). A second key finding was the demonstra-
tion by Gagnon and Roth that the magnitude of the
local Tg(z) in PS at a distance of z = 50 nm from a
PS/PDMS interface shifted by 40 K simply by varying
the rubbery polydimethylsiloxane (PDMS) modulus be-
tween E = 0.9–2.6 MPa (11). From these observations,
we conclude that the width of the interface and the dif-
ference in modulus between the two domains are key
factors in understanding the emergence of these broad
⇠200 nm long-range dynamical gradients in local Tg.

These long-ranged ⇠200 nm Tg(z) perturbations ob-
served across polymer-polymer interfaces are in strong
contrast to the much shorter ranged ⇠20 nm gradients
observed next to free surfaces (polymer-air), polymer-
substrate, or even polymer-liquid interfaces (2, 4, 12).
Recent theoretical e↵orts have made good progress
in understanding these shorter ranged ⇠10 nm gradi-
ents, but have called for new insight needed to under-
stand the ⇠100 nm longer-ranged gradients observed
with polymer-polymer interfaces (3). Noting that these
shorter ranged ⇠10 nm gradient systems have sharp in-
terfaces with widths of only ⇠0.5 nm, we believe that
these di↵erences in dynamical gradients arise from how
vibrational waves are able to propagate across the sam-
ple, where broad polymer-polymer interfaces allow for
a coupling of the vibrational density of states (VDoS),
particularly around the boson peak, between polymer
domains via acoustic impedance matching. Even though
computer simulations have observed Tg shifts within
polymer domains that depend on the interaction param-
eter � (proportional to interfacial width) and di↵erence
in Debye-Waller factors (proportional to modulus) be-
tween polymer domains, the observed lengthscales of the
dynamical gradient are still modest (13, 14). However,
we note studies have shown that common computational
practices of truncating Lennard-Jones potentials and use
of finite system sizes with periodic boundary conditions
limit the strength of interactions and alter the VDoS,
particularly the strength and position of the boson peak
(15, 16).

The VDoS in glasses has long been recognized as being
anomalous relative to crystalline materials with an ex-
cess of vibrational modes above the Debye prediction re-
ferred to as the boson peak (17–19). Low-energy quasilo-
calized excitations (QLEs) associated with collective os-
cillations near soft potential regions are found to emerge
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Fig. 1: (A) Local glass transition temperature Tg(z) pro-
file measured with local pyrene fluorescence for semi-infinite
bilayers of PnBMA/PS (black circles) and PB/PS (red tri-
angles) annealed to equilibrium [Data taken from Refs. 7–
9]. Blue curves are hyperbolic tangent fits to the Tg(z)
data with widths of WTg = 230 nm (7–9), while the gray
dashed curves are the composition profiles �(z) with interfa-
cial widths wI = 5–7 nm. (B) Is a correspondingly broad gra-

dient in local modulus eG(z) with width WG also developing
upon polymer-polymer interface formation? (C) Cartoon ge-
ometry of PB/PS bilayers investigated in this study, initially
with only minimal annealing at 25 �C for 20 h (wI ⇡ 1 nm)
and after annealing at 120 �C for a time ta up to 100 min
leading to wI ⇡ 5 nm.

upon vitrification (20, 21), which have been computa-
tionally linked to locations of cooperative ↵-relaxation
events at so-called “soft spots” (22–24). These QLEs, of
order ⇠1 meV (⇠1.5 ps�1) in PS (21), will hybridize
with propagating sound waves of comparable energy
(20, 25, 26), corresponding to frequencies ⇠300 GHz and
wavelengths � ⇠ 5 nm. We envision that these acoustic
waves provide a long-range mechanism by which density
fluctuations and ↵-relaxations can be triggered elsewhere
in the system.

The vibrational spectrum in glassy materials strongly
depends on the overall boundary conditions of the sys-
tem. For these � ⇠ 5 nm sound waves, sharp inter-
faces (⇠0.5 nm) will cause reflections, as has already
been demonstrated by computer simulations and inelas-
tic neutron scattering experiments showing changes in
the VDoS associated with di↵erent kinds of confinement
(27–32). In contrast, the broader interfacial widths of
polymer-polymer interfaces (wI ⇡ 5 nm) will appear
nearly continuous to these � ⇠ 5 nm sound waves, allow-
ing these acoustic phonons to propagate across the inter-

face if the di↵erence in acoustic impedance eZ =
q
⇢ eG is

not too large between the two polymer domains, where
eG(!) = G0(!) + iG00(!) is the complex shear modu-
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lus and ⇢ the density (33, 34). We think it is this
transmission of vibrational waves of � ⇠ 5 nm asso-
ciated with the glass transition that can occur across
the polymer-polymer interface when the interface is an-
nealed to equilibrium (wI ⇡ 5 nm) that enables coupling
of local glass transition dynamics across the interface
causing the broad Tg(z) profiles observed. The question
then becomes, does the emergence of this broad profile
in local Tg(z) also result in broad profiles of other local
property changes across the polymer-polymer interface
such as modulus?

In the present work, we experimentally test for the
emergence of a gradient in modulus eG(z) upon anneal-
ing of a glassy-rubbery PS/PB bilayer film. An impor-
tant open question associated with understanding local
Tg changes near interfaces is determining the degree to
which other local material properties, typically corre-
lated with Tg in the bulk, are also altered locally in
these systems (4, 35). In bulk, the modulus of a poly-
mer changes by three orders of magnitude on vitrification
through the glass transition (36). As such, the develop-
ment of a broad profile in local Tg(z) upon polymer-
polymer interface formation would be expected to be
associated with the development of a broad profile in
local modulus eG(z), as illustrated in Fig. 1B. Using a
quartz crystal microbalance (QCM) as a high-frequency
rheometer (37), we observe the decreased dissipation as-
sociated with the increased transmission of QCM shear
waves across the PS/PB interface upon polymer-polymer
interface formation as the PS/PB interface is progres-
sively annealed at elevated temperature. Analyzing the
QCM frequency �f(n) and dissipation ��(n) shifts as a
function of harmonic number n using a multilayer contin-
uum physics model (37), we demonstrate the emergence
of a broad modulus profile eG(z) ⇡ 180 nm upon forma-
tion of the PB/PS interface that is consistent with the
broad Tg(z) profile previously measured in this system
(9). These findings lend support to the notion that prop-
agation of acoustic waves across broadened polymer-
polymer interfaces leads to strong coupling of local ma-
terial properties between polymer domains.

Results and Discussion

Bilayer films were made by placing ⇡400 nm thick PB
layers (T bulk

g = �96 �C, Mw = 375 kg/mol) atop ⇡1100

nm thick PS layers (T bulk
g = 101 �C, Mw = 650 kg/mol)

supported on QCM crystals. We are interested in study-
ing the evolution of the frequency �f(n) and dissipa-
tion shifts ��(n) of the QCM as the PB/PS polymer-
polymer interface is formed between the layers. The
QCM sensor undergoes a shear wave oscillation in the
MHz regime, where at its most basic level, the added
mass of the sample acts to shift the resonance frequency
�fn = ffilm+QCM

n � fbare QCM
n from the bare crystal

response, which can be used as an extremely accurate
mass sensor using the well-known Sauerbrey equation

(38, 39). However, for viscoelastic samples, there is also
a shift in the dissipation �� (width) of the resonance
(39, 40). These shifts in �f(n) and ��(n), especially
at higher harmonic numbers n (fn = nf0, where f0
is the fundamental frequency of the bare crystal), can
be used to measure the frequency dependent modulus
eG(!) = G0(!)+iG00(!) (! = 2⇡fn) of the sample. We re-
cently published a study presenting a continuum physics
model of the shear wave propagation from the QCM in
a rubbery viscoelastic polymer film that allowed us to
numerically fit the measured frequency �f(n) and dis-
sipation ��(n) shifts across a wide range of harmon-
ics n (37). From the nonlinear fits to these data, we
were able to measure the frequency dependent complex
shear modulus eG(!) for rubbery polymer films of PB
and PDMS, where the QCM determined frequency de-
pendent storage G0(!) and loss G00(!) moduli showed
good agreement with time-temperature shifted rheome-
try data from the literature. We expand this continuum
physics model here to the study of multilayer films.

As illustrated in Fig. 1C, we will start with PB/PS
bilayer samples that are initially only held at 25 �C
for 20 h, well below the T bulk

g of PS. As described in
the Supplementary Information, initially these bilayer
samples after only being held at 25 �C are expected to
have a PB/PS interfacial width that is not more than
wI ⇡ 1 nm (41, 42). The PB/PS bilayer samples will
then be progressively annealed at 120 �C for an extended
period of time ta (up to 100 min). This progressive an-
nealing at an elevated temperature above the T bulk

g of
both layers allows the PB/PS polymer-polymer inter-
face to form, reaching an equilibrium interfacial width of
wI ⇡ 5 nm, based on neutron reflectivity measurements
by Genzer and Composto (41, 43) in agreement with lit-
erature � values (44). From previous fluorescence mea-
surements, we believe the PB/PS bilayer initially held
at only 25 �C has a sharp Tg(z) profile, similar to the
composition profile, that then broadens on annealing at
120 �C to the Tg(z) profile shown in Fig. 1A (7–9). As
such, we might anticipate that the PB/PS bilayer ini-
tially held at only 25 �C (ta = 0) would also have a
sharp eG(z) profile that might then also broaden on an-
nealing at 120 �C. This is what we seek to test using
a continuum physics analysis for the QCM shear wave
propagation across the sample.

We start by comparing in Fig. 2 the resonance traces
for the n = 1 and n = 7 harmonics for a PB/PS bi-
layer sample, composed of a PB layer of thickness hPB =
360 nm atop a PS layer of thickness hPS = 1100 nm sup-
ported on the QCM sensor, collected prior to and after
annealing at 120 �C for 100 min. The thicknesses of
the PB and PS layers separately measured by ellipsom-
etry were 306 ± 2 nm and 1170 ± 70 nm, respectively,
in reasonable agreement with the layer thicknesses de-
termined by the QCM continuum physics model. The
initial traces (blue curves) were collected on a PB/PS
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Fig. 2: Resonance frequency traces of a PB/PS bilayer
collected after initially only being held at 25 �C for 20 h
(blue curves) and after annealing at 120 �C for 100 min (red
curves). (A) The n = 1 (f0 = 5 MHz) resonance displays
only a small shift on annealing because the QCM is primar-
ily sensitive to the film’s mass at this frequency, while (B) the
n = 7 (35 MHz) resonance demonstrates a strong decrease
in dissipation �7 (becomes more narrow) with annealing at
120 �C due to increased transmission of the shear wave across
the annealed PB/PS interface.

bilayer that was first held at 25 �C for 20 h under vac-
uum simply to consolidate the bilayer and remove any
air gaps, giving a PB/PS interfacial width of wI ⇡ 1 nm.
The sample was then annealed for 100 min at 120 �C in-
creasing the interfacial width to wI ⇡ 5 nm (red curves).
The fundamental n = 1 harmonic is primarily sensitive
to added mass, corresponding to the total bilayer thick-
ness hPB + hPS and its density ⇢. As the PB/PS in-
terface forms, there will be a small change in the total
bilayer thickness and density associated with the local
intermixing of PB and PS at the polymer-polymer in-
terface. We would anticipate little change in the n = 1
resonance peak due to this process, which is confirmed
by the data shown in Fig. 2A. The resonance frequency
f1 shifts only from f1 = 4.99442 MHz ± 0.06 Hz to
f1 = 4.99441 MHz ± 0.06 Hz on annealing at 120 �C
for 100 min, and the dissipation �1 changes only from
�1 = (26.65± 0.06) Hz to �1 = (29.82± 0.06) Hz, where
the errors quoted here and elsewhere represent one stan-

dard deviation for the best fit values of fn and �n.

In contrast, at higher harmonics beyond the Sauer-
brey regime, where the QCM is sensitive to the vis-
coelastic properties of the PB/PS bilayer (37, 45), a
pronounced evolution to a sharper resonance (smaller
dissipation) is observed on annealing at 120 �C. The
n = 7 resonance peak shown in Fig. 2B was the high-
est harmonic collected for this sample, making it the
most sensitive to changes in the viscoelastic properties
of the PB/PS bilayer. The dissipation of the n = 7 har-
monic decreases by nearly 50% from �7 = (1355 ± 5)
Hz to �7 = (692 ± 2) Hz on annealing at 120 �C, even
though the resonance frequency f7 shows barely any shift
from f7 = 34.94588 MHz ± 6 Hz to f7 = 34.94585 MHz
± 2 Hz. This large decrease in dissipation at higher har-
monics is indicative of increased shear wave transmission
across the PB/PS interface on annealing at 120 �C and
a greater mechanical coupling between the layers. The
resonance traces demonstrate that a large change in the
viscoelastic properties of the PB/PS bilayer is occurring
with this small increase in interfacial width wI on an-
nealing at 120 �C.

Continuum physics model analysis

We can use a continuum physics layer model analysis
to determine the modulus of the polymer layers added
to the QCM sensor. To accomplish this, we start by
first measuring the initial PS bottom layer added to
the QCM sensor. Following directly from our previous
work (37), we fit the measured data of the resonance fre-
quency �f(n) and dissipation ��(n) shifts as a function
of harmonic number n to a set of coupled equations that
treats the continuum mechanics of shear wave propaga-
tion through the layers of the QCM-polymer film system.
This set of coupled equations comes from solving for the
shear wave displacement and stress in each layer subject
to the boundary conditions of displacement and stress
continuity at each interface (37, 46).

The shear wave displacement in each layer j is treated
as a one-dimensional shear wave oscillating in the ŷ-
direction and propagating across the layers in the ẑ-
direction

~uj(z, t) = eie!t
⇣
Aj e

�iekjz +Bj e
iekjz

⌘
ŷ, (1)

where Aj and Bj are the wave amplitudes of the for-
ward propagating and reflected waves, respectively. The
complex wave vector k̃j = 2⇡f̃/c̃j depends on the ma-
terial properties of each layer as the speed of sound

c̃j =
q

fGj/⇢j is determined by the frequency-dependent

complex modulus fGj(e!) = G0
j(e!) + iG00

j (e!) and den-
sity ⇢j of each layer. Assuming incompressibility and
Hooke’s law for the small shear displacements of the lin-
ear viscoelastic polymer, the relevant component of the
stress tensor is given by �yz = eG @uy

@z . This multilayer
system is then solved by applying standard boundary
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Fig. 3: (A) Schematic of continuum physics layer model geometry for PB/PS bilayer atop the QCM sensor with modulus,
density, and thickness parameters of each layer indicated (parameters listed in blue are fit during the bilayer analysis, while
parameters listed in green are fit during the single layer PS analysis). (B) Measured frequency �f(n) (teal diamonds) and
dissipation ��(n) (blue circles) shifts as a function of harmonic number n for the PB/PS bilayer sample shown in Fig. 2
collected at ta = 0 prior to annealing at 120 �C. Curves are fits to the �f(n) and ��(n) data using the bilayer continuum
physics model as depicted in (A). (C) Change in modulus fit parameters, storage G0

PB and loss G00
PB for the PB layer as a

function of annealing time ta at 120 �C using the bilayer continuum physics model, demonstrating that the bilayer geometry
as depicted in (A) becomes a poor model for the sample as the PB/PS interfacial width wI grows on annealing. Dashed lines
highlight the G0

PB = 3.6 MPa and G00
PB = 3.7 MPa values measured at ta = 0 that are in good agreement with bulk PB

modulus values (37).

conditions at each interface: continuity of displacement
(no-slip) ~uj(z, t)

��
z=j

= ~uj+1(z, t)
��
z=j

and stress conti-

nuity (Newton’s third law) �j(z, t)
��
z=j

= �j+1(z, t)
��
z=j

,

treating the top film/air and bottom quartz/air inter-
faces as stress free, �j(z, t)

��
z=h,�L

= 0. This leads to

a set of coupled complex equations that can be solved
numerically using standard methods (37).

To limit the number of fit parameters, the density of
the polymer was held fixed at literature values: ⇢ =
1.04 g/cm3 for PS (47) and ⇢ = 0.895 g/cm3 for PB (48).
In addition, the frequency-dependent shear modulus was
treated as linear on a log-log scale, valid over the small
frequency range of the QCM (fn = 5–45 MHz) (38, 40),
which for fn = nf0 +�fn ⇡ nf0 gives (37):

G0(fn) ⇡ G0(n) = G0
0 n

�0
(2)

G00(fn) ⇡ G00(n) = G00
0 n

�00
(3)

This can be further simplified for glassy PS by recogniz-
ing that at room temperature for the MHz frequencies
of the QCM, PS can be treated with simply a frequency-
independent storage modulus G0(fn) = G0

PS (37). For
rubbery PB, in its glass transition region at MHz fre-
quencies, we must keep all terms, but can use litera-
ture rheology data to determine the exponents �0 = 0.50
and �00 = 0.74 (37, 48, 49), leaving only the modulus
prefactors G0

0 and G00
0 , designated G0

PB and G00
PB, as fit

parameters. Using this approach, we were able to suc-
cessfully measure the frequency-dependent modulus of
PS and PB single layer films using QCM at MHz fre-
quencies, agreeing with literature rheometry data that
was time-temperature shifted (37).

In the present work, we expand this continuum physics

layer model analysis to accommodate PB/PS bilayer
films atop the QCM sensor. Fig. 3A illustrates the bi-
layer model geometry of the PB layer atop the PS layer
on the QCM sensor with the relevant parameters (modu-
lus, density, thickness) of each layer listed. Compared to
the single layer film case described previously (37), the
bilayer case adds an additional layer and interface with
boundary conditions at z = hPS between the PB and
PS layers, as detailed in the Supplementary Information.
The thickness hPS and modulus G0

PS of the bottom PS
layer are determined from an initial QCM measurement
of the single layer PS film prior to adding the PB layer
on top, and then subsequently held fixed for all bilayer
analysis. This leaves three fitting parameters to be de-
termined from an analysis of the bilayer measurements:
the storage G0

PB and loss G00
PB modulus of the PB layer

and its thickness hPB.

Fig. 3B graphs the frequency �f(n) and dissipation
��(n) shifts measured for harmonic numbers n = 1–7
collected at ta = 0 prior to annealing the PB/PS bilayer
film at 120 �C for the 360 nm thick PB layer atop the
1100 nm thick PS layer sample whose resonance peaks
are shown in Fig. 2A. At this stage prior to annealing at
120 �C, when the sample has only been held at 25 �C, the
PB/PS interface is still sharp with an interfacial width
wI ⇡ 1 nm making the bilayer model geometry depicted
in Fig. 3A an accurate representation for the sample.
This is confirmed by the excellent fits of the QCM con-
tinuum physics bilayer model depicted in Fig. 3A to
the �f(n) and ��(n) data, shown as the curves in
Fig. 3B, with fit parameters G0

PB = 3.6 ± 0.5 MPa,
G00

PB = 3.7±0.5 MPa, and hPB = 362±18 nm. The thick-
ness and modulus of the PS layer hPS = 1098 ± 4 nm
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Fig. 4: (A) Schematic of trilayer geometry for QCM continuum physics model containing an intermix layer of average modulus
eGav and density ⇢av with thickness WG between the PB and PS layers. Red symbols indicate fit parameters for the trilayer
geometry, blue symbols indicate parameters determined from bilayer geometry fit at ta = 0, and green symbols were parameters
determined from fit to single layer PS film data. (B) Measured dissipation shift ��(n) as a function of harmonic number
demonstrating the progressive decrease in dissipation with annealing time at 120 �C (symbols). Curves are fits of the QCM
continuum physics model to �f(n) and ��(n) data using the bilayer geometry of Fig. 3A for the blue circles collected at
ta = 0 (after being held only at 25 �C for 20 h) and to the trilayer geometry of Fig. 4A for the data annealed at 120 �C for
ta = 40 min (purple squares) giving WG = 67 nm and ta = 100 min (red triangles) giving WG = 154 nm. (C) Increase in the

intermix layer thickness WG corresponding to the width of the modulus gradient eG(z) as a function of annealing time ta at
120 �C. Symbols and error bars represent the average and standard deviation of WG measured from three nominally identical
samples.

and G0
PS = 2.0 ± 0.2 GPa were determined from the

fit to the single layer PS film prior to adding the PB
layer on top, and then subsequently held fixed during
the fit to the bilayer geometry. These measured fit val-
ues agree well with the modulus values for bulk sin-
gle layer films of these polymers measured previously:
G0

PB = 3.3 ± 0.6 MPa, G00
PB = 4.4 ± 0.3 MPa, and

G0
PS = 1.7± 0.2 GPa (37).

We now explore what happens to the parameters from
the QCM bilayer model analysis upon annealing of the
PB/PS bilayer film at 120 �C that acts to increase the
PB/PS interfacial width wI from ⇡1 nm to ⇡5 nm. As
demonstrated in Fig. 1, this small increase in interfacial
width wI results in the development of a broad profile in
local Tg(z) across the PB/PS interface with a Tg-breadth
WTg ⇡ 200 nm (4, 7–9). If a correspondingly broad pro-

file in local modulus eG(z) also develops on annealing at
120 �C, we might expect the accuracy of the bilayer ge-
ometry to break down when fitting the QCM data. This
breakdown is demonstrated by Fig. 3C that graphs the
G0

PB and G00
PB fit parameters determined from applying

the QCM bilayer analysis depicted in Fig. 3A as a func-
tion of annealing time ta at 120 �C. The horizontal dash
lines correspond to the best fit values of G0

PB = 3.6 MPa
and G00

PB = 3.7 MPa obtained at ta = 0 that are in good
agreement with bulk PB modulus values (37). As shown
by the graph, interpreting the data with this simple bi-
layer model results in modulus values for the PB layer
that are on average more than double the bulk value,
which seems unrealistic given what is known about the
Tg(z) gradient in this system. We believe the simple
bilayer model depicted in Fig. 3A, corresponding to a

sharp change in modulus at the PB/PS interface, be-
comes a poor model for the PB/PS bilayer samples when
annealed at 120 �C.

It has been well established in the literature that inter-
facial perturbations lead to depth-dependent gradients in
property changes (1–5, 7–9, 14, 35). As such, we consider
now a modified QCM continuum physics model that ap-
proximates a broad gradient in modulus eG(z) between
the PB and PS layers on annealing, which may mimic the
broad Tg(z) gradient that has previously been measured
for PB/PS bilayers. To keep the layer model simple and
limit the number of additional fit parameters, we treat
the annealed PB/PS bilayer sample with a trilayer ge-
ometry where we have inserted an intermix layer at the
interface between the PB and PS layers, as depicted in
Fig. 4A. For simplicity, we assume this intermix layer
has a modulus and density corresponding to the average
between that of PB and PS: eGav = 1

2 (
eGPB + G0

PS) and
⇢av = 1

2 (⇢PB + ⇢PS). The only adjustable parameter of
this layer is its thickness WG corresponding to the width
of the modulus profile eG(z).

We approach fitting the data with this trilayer model
by starting from the bilayer model fit depicted in Fig. 3A
to the �f(n) and ��(n) data collected at ta = 0 prior
to any annealing at 120 �C. This bilayer fit to the ta = 0
data defines the PB layer model parameters G0

PB, G
00
PB,

and hPB, while G0
PS and hPS were already determined

from the fit to the single layer PS film. We then fix all
these parameters, allowing only the width of the intermix
layer WG to vary for fitting the trilayer model of Fig. 4A
to the �f(n) and ��(n) data with ta > 0 annealed at
120 �C.
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Fig. 4B plots the measured dissipation shifts ��(n)
over the harmonic range n = 1 to 7 for di↵erent anneal-
ing times ta = 0, 40, and 100 min at 120 �C. A pro-
gressive decrease in dissipation is observed, especially at
higher harmonics that are most sensitive to the viscoelas-
tic properties of the PB/PS bilayer film, resulting from
the small increase in PB/PS interfacial width wI from
approximately 1 to 5 nm with annealing. The corre-
sponding frequency shifts �f(n) show little change with
annealing as was demonstrated by the resonance peaks
in Fig. 2. The curves in Fig. 4B correspond to fits of the
QCM continuum physics model to the �f(n) and ��(n)
data. The ta = 0 data held only at 25 �C for 20 h was fit
to the bilayer model of Fig. 3A, determining the param-
eter values for the PB and PS layers. The ta = 40 and
100 min data annealed at 120 �C were then fit to the
trilayer model of Fig. 4A holding the PB and PS layer
parameters fixed, but allowing the thickness WG of the
intermix layer with average modulus eGav and density
⇢av to vary. These fits to the trilayer data gave inter-
mix layer thicknesses of WG = 67 ± 23 nm at ta = 40
min and WG = 154 ± 24 nm at ta = 100 min for this
PB/PS bilayer sample of 360 nm of PB atop 1100 nm of
PS. As discussed in Supplementary Information, we find
the best fit WG values to be robust to any reasonable
average modulus eGav value.

Fig. 4C plots the intermix thicknesses WG as a func-
tion of annealing time ta at 120 �C, where the data shown
correspond to the average and standard deviation mea-
sured from three di↵erent samples with comparable PB
and PS layer thicknesses. We consistently observe an in-
crease in the intermix thickness up toWG ⇡ 180 nm after
100 min of annealing demonstrating the development of
a broad profile in modulus eG(z) across the PB/PS in-
terface. The WG ⇡ 180 nm width of this broad modulus
profile is comparable in size to the breadth of the Tg(z)
profile (WTg ⇡ 200 nm) that was observed previously for
this PB/PS system (9).

We note that with this simplified trilayer model, we
are unable to comment on whether there is an asym-
metry to the modulus gradient, as was observed for the
Tg(z) gradient. In fitting the data, we assume the total
thickness of the bilayer film hPS +hPB remains constant
with annealing at 120 �C, where the thickness of the in-
termix layer WG is treated as coming equally from the
PS and PB layers. Future e↵orts will incorporate a more
sophisticated QCM layer model that treats the depth de-
pendent modulus gradient eG(z) as continuous.

Conclusions

In agreement with the recent reports of long-ranged
⇠200 nm Tg(z) profiles measured experimentally across
glassy-rubbery polymer-polymer interfaces formed to
equilibrium (4, 7–9), we have experimentally demon-
strated here another long-range e↵ect, measuring that
an equally broad ⇡180 nm gradient in modulus eG(z)

emerges when the ⇡5 nm polymer-polymer interface is
formed between PS and PB. These experimental obser-
vations, along with other previous reports of long-ranged
interfacial e↵ects (4), suggest we are missing some key
physics in the theoretical formulations modeling interfa-
cial perturbations (3).

We propose that how acoustic waves propagate across
nanoconfined or nanostructured systems, reflecting at or
transmitting across interfaces, alters the VDoS near the
boson peak influencing long-ranged interactions between
quasilocalized soft collective modes e↵ectively coupling
density fluctuations of ↵-relaxation events and associ-
ated local properties over long distances. It is known
and been experimentally observed that the presence of
interfaces in nanoconfined systems alters the VDoS near
the boson peak (27–32). QLEs of soft potential regions
near the boson peak are hybridized with propagating
sounds waves of comparable energy (20, 25, 26) (⇠1
meV, � ⇠ 5 nm in PS (21)). It is thus reasonable to ex-
pect that density fluctuations caused by these � ⇠ 5 nm
acoustic waves would facilitate ↵-relaxations (5, 50). In
fact, recent theoretical work by Mei and Schweizer have
causally connected ↵-relaxation events with the ampli-
tude of long wavelength density fluctuations (51–53).

Such a mechanism of acoustic wave propagation cou-
pling ↵-relaxations over long distances is consistent with
the available experimental evidence provided here for
a broad modulus profile eG(z) and previously for broad
Tg(z) profiles (4, 8, 11) that long-range gradients across
glassy-rubbery polymer-polymer interfaces are only ob-
served when the polymer-polymer interface wI becomes
⇡ 5 nm (4, 8). The transmission of acoustic waves with
� ⇠ 5 nm across such an interface would be expected to
depend on the interfacial width and di↵erence in mod-
ulus in an acoustic impedance matching manner. In
this picture, it is the propagation of thermally-excited
acoustic waves of � ⇠ 5 nm that are part of the existing
VDoS near the boson peak that cause this long-range ef-
fect. One would expect such a mechanism to be present
in bulk glasses, but likely not dominant as the acoustic
waves and density fluctuations are on average equivalent
across the system. Experimentally, we have made the
phenomenon strongly visible by placing a glassy and rub-
bery domain in contact in such a way that the relevant
VDoS can be coupled between domains with strongly
di↵erent bulk dynamics. Density fluctuations that are
more likely to be prevalent in the rubbery domain can
propagate across the broadened polymer-polymer inter-
face in the form of acoustic waves with � ⇠ 5 nm, inter-
acting with QLEs in the glassy domain and further soft-
ening the potential at ⇠300 GHz frequencies facilitating
↵-relaxations. This provides a mechanism for establish-
ing long-ranged gradients in local glass transition Tg(z)

and in turn local modulus eG(z) at a range of frequencies,
some of which are measurable by QCM. What controls
the length scale of the Tg(z) and modulus eG(z) gradients
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is unclear, but we speculate this could be associated with
the mean free path ` of the � ⇠ 5 nm acoustic waves
in each domain because ` can be quite long-ranged in
glasses and would be expected to be larger in the glassy
PS domain than in the rubbery PB domain (54), consis-
tent with the asymmetry observed in the Tg(z) profiles.

Materials and Methods

Polystyrene (PS) (Mw = 650 kg/mol, Mw/Mn = 1.06)
was purchased from Pressure Chemical and used as re-
ceived. Polybutadiene (PB) (Mw = 375 kg/mol, Mw/Mn

= 2.4; 36% cis-1,4; 55% trans-1,4; 9% vinyl-1,2, as
specified by the supplier) was purchased from Scientific
Polymer Products and washed three times by dissolving
in tetrahydrofuran (THF) and precipitating in chilled
methanol (9). The PS layer was spin-coated directly
from a toluene solution onto the QCM sensor, as well
as silicon pieces for film thickness determination by el-
lipsometry. Analysis of the  (�) and �(�) ellipsom-
etry data for wavelengths spanning 400–1000 nm was
done using an optical layer model with a Cauchy layer,
n(�) = A + B/�2 + C/�4, for the polymer film and a
semi-infinite silicon substrate with a 1.25 nm native ox-
ide layer, as previously described (37).

The PS film on the QCM was annealed under vacuum
for a minimum of 14 h at a temperature of 120 �C to
remove residual solvent and release stresses developed
during spin-coating. QCM measurements were then col-
lected on this PS film to determine the film thickness us-
ing the continuum physics model (37). The PB layer was
spin-coated from a toluene solution onto freshly-cleaved
mica, then immediately floated onto room temperature
deionized water and captured from below with the an-
nealed PS layer atop the QCM. The PB/PS bilayer was
then placed in a 25 �C vacuum oven for 20 h to relax
the PB film and remove any air gaps between the PB
and PS layers. QCM measurements were then collected
before and after annealing the bilayer in a vacuum oven
for di↵erent annealing times ta at 120 �C.

Measurements of the QCM resonance peak at di↵erent
harmonic numbers n for the PS single layer and PB/PS
bilayer films were collected at room temperature (25 �C)
using AT-cut quartz sensors from Stanford Research sys-
tems with a fundamental frequency f0 of 5 MHz using
an Agilent 4395a vector network analyzer at 0 dBm,
corresponding to a source power of 1 mW (37). An
analytical fitting function determined from the circuit
model for the QCM setup was used to fit the data for
each resonance peak to obtain the resonance frequency
fn and dissipation �n at the fundamental frequency
n = 1 of the quartz oscillation and higher odd harmon-
ics n, as described in Ref. (37). The bare quartz reso-
nance frequency and dissipation measured at each har-
monic number prior to adding of the film were subtracted
from the film-loaded values to obtain the frequency and
dissipation shifts �fn = ffilm+QCM

n � fbare QCM
n and

��n = �film+QCM
n � �bare QCM

n . The moduli and thick-
nesses of the PB and PS layers were then determined by
analyzing the frequency �f(n) and dissipation ��(n)
shifts as a function of harmonic number n using a con-
tinuum physics model to describe the shear wave prop-
agation across the multiple layers of the QCM-film sys-
tem. The continuum physics model has been previously
described in Ref. (37), and in the Supplementary Infor-
mation we outline its extension to bilayer and trilayer
films.

ACKNOWLEDGMENTS

The authors gratefully acknowledge useful discussions
with Alexander Couturier, Eric Weeks and Daniel Suss-
man, in addition to support from the National Sci-
ence Foundation Polymers Program (DMR-1905782)
and Emory University.

1. S. Butler, P. Harrowell, Glassy relaxation at surfaces:
The correlation length of cooperative motion in the facil-
itated kinetic Ising model. Journal of Chemical Physics

95, 4466 – 4470 (1991).

2. C. J. Ellison, J. M. Torkelson, The distribution of glass-
transition temperatures in nanoscopically confined glass
formers. Nature Materials 2, 695 – 700 (2003).

3. K. S. Schweizer, D. S. Simmons, Progress towards a phe-
nomenological picture and theoretical understanding of
glassy dynamics and vitrification near interfaces and un-
der nanoconfinement. Journal of Chemical Physics 151,
240901 (2019).

4. C. B. Roth, Polymers under nanoconfinement: Where
are we now in understanding local property changes?
Chemical Society Reviews 50, 8050–8066 (2021).

5. N. B. Tito, J. E. G. Lipson, S. T. Milner, Lattice model
of mobility at interfaces: free surfaces, substrates, and
bilayers. Soft Matter 9, 9403 – 9413 (2013).

6. W. Zhang, F. W. Starr, J. F. Douglas, Activation free
energy gradient controls interfacial mobility gradient in
thin polymer films. Journal of Chemical Physics 155,
174901 (2021).

7. R. R. Baglay, C. B. Roth, Communication: Experimen-
tally determined profile of local glass transition temper-
ature across a glassy-rubbery polymer interface with a
Tg di↵erence of 80 K. Journal of Chemical Physics 143,
111101 (2015).

8. R. R. Baglay, C. B. Roth, Local glass transition temper-
ature Tg(z) of polystyrene next to di↵erent polymers:
Hard vs. soft confinement. Journal of Chemical Physics

146, 203307 (2017).

9. B. L. Kasavan, R. R. Baglay, C. B. Roth, Local Glass
Transition Temperature Tg(z) Profile in Polystyrene
next to Polybutadiene with and without Plasticization
E↵ects. Macromolecular Chemistry And Physics 219,
1700328 (2018).

10. R. A. L. Jones, R. W. Richards, Polymers at Surfaces and

Interfaces. (Cambridge University Press, Cambridge,
UK), (1999).

11. Y. J. Gagnon, C. B. Roth, Local Glass Transition Tem-

8



perature Tg(z) Within Polystyrene Is Strongly Impacted
by the Modulus of the Neighboring PDMS Domain. ACS
Macro Letters 9, 1625–1631 (2020).

12. J. Wang, G. B. McKenna, A novel temperature-step
method to determine the glass transition temperature of
ultrathin polymer films by liquid dewetting. Journal of

Polymer Science Part B: Polymer Physics 51, 1343–1349
(2013).

13. R. J. Lang, W. L. Merling, D. S. Simmons, Combined
dependence of nanoconfined Tg on interfacial energy and
softness of confinement. ACS Macro Letters 3, 758 – 762
(2014).

14. A. Ghanekarade, D. S. Simmons, Combined Mixing
and Dynamical Origins of Tg Alterations Near Poly-
mer–Polymer Interfaces. Macromolecules 56, 379–392
(2023).

15. M. Shimada, H. Mizuno, A. Ikeda, Anomalous vibra-
tional properties in the continuum limit of glasses. Phys-
ical Review E 97, 022609 (2018).

16. J. E. Pye, C. E. Wood, J. C. Burton, Precursors to Molec-
ular Slip on Smooth Hydrophobic Surfaces. Physical Re-
view Letters 121, 134501 (2018).

17. R. C. Zeller, R. O. Pohl, Thermal Conductivity and Spe-
cific Heat of Noncrystalline Solids. Physical Review B 4,
2029 – 2041 (1971).

18. W. A. Phillips, ed., Amorphous Solids: Low-Temperature

Properties. (Springer-Verlag, Berlin) Vol. 24 Topics in
Current Physics, (1981).

19. T. S. Grigera, V. Mart́ın-Mayor, G. Parisi, P. Verrocchio,
Phonon interpretation of the ‘boson peak’ in supercooled
liquids. Nature 422, 289–292 (2003).

20. E. Lerner, E. Bouchbinder, Low-energy quasilocalized
excitations in structural glasses. Journal of Chemical

Physics 155, 200901 (2021).

21. U. Buchenau, C. Pecharroman, R. Zorn, B. Frick, Neu-
tron Scattering Evidence for Localized Soft Modes in
Amorphous Polymers. Physical Review Letters 77, 659–
662 (1996).

22. A. Widmer-Cooper, H. Perry, P. Harrowell, D. R. Reich-
man, Irreversible reorganization in a supercooled liquid
originates from localized soft modes. Nature Physics 4,
711–715 (2008).

23. M. L. Manning, A. J. Liu, Vibrational Modes Identify
Soft Spots in a Sheared Disordered Packing. Physical

Review Letters 107, 108302 (2011).

24. A. Smessaert, J. Rottler, Structural Relaxation in Glassy
Polymers Predicted by Soft Modes: A Quantitative Anal-
ysis. Soft Matter 10, 8533–8541 (2014).

25. E. Lerner, E. Bouchbinder, Boson-peak vibrational
modes in glasses feature hybridized phononic and
quasilocalized excitations. Journal of Chemical Physics

158, 194503 (2023).

26. U. Buchenau, Y. M. Galperin, V. L. Gurevich, D. A.
Parshin, M. A. Ramos, H. R. Schober, Interaction of soft
modes and sound waves in glasses. Physical Review B

46, 2798–2808 (1992).

27. T. S. Jain, J. J. de Pablo, Influence of confinement on
the vibrational density of states and the Boson peak in a
polymer glass. Journal of Chemical Physics 120, 9371–

9375 (2004).

28. R. Zorn, Boson peak in confined disordered systems.
Physical Review B 81, 054208 (2010).

29. R. Zorn, M. Mayorova, D. Richter, B. Frick, Inelastic
neutron scattering study of a glass-forming liquid in soft
confinement. Soft Matter 4, 522–533 (2008).

30. R. Zorn, B. Frick, L. Hartmann, F. Kremer, A.
Schönhals, D. Richter, Dynamics of confined glass-
forming systems observed by neutron scattering. Physica
B: Condensed Matter 350, E1115–E1118 (2004).

31. R. Zorn, L. Hartmann, B. Frick, D. Richter, F. Kremer,
Inelastic neutron scattering experiments on the dynamics
of a glass-forming material in mesoscopic confinement.
Journal of Non-Crystalline Solids 307, 547–554 (2002).

32. R. Inoue, T. Kanaya, K. Nishida, I. Tsukushi, K. Shi-
bata, Inelastic Neutron Scattering Study of Low Energy
Excitations in Polymer Thin Films. Physical Review Let-

ters 95, 056102 (2005).

33. K. Attenborough, M. Postema, A pocket-sized introduc-

tion to acoustics. (University of Hull), (2008).

34. V. T. Rathod, A Review of Acoustic Impedance Match-
ing Techniques for Piezoelectric Sensors and Transduc-
ers. Sensors 20, 4051 (2020).

35. B. D. Vogt, Mechanical and viscoelastic properties of
confined amorphous polymers. Journal of Polymer Sci-

ence Part B: Polymer Physics 56, 9–30 (2018).

36. C. B. Roth, ed., Polymer Glasses. (CRC Press, Boca
Raton, FL), (2016).

37. Y. J. Gagnon, J. C. Burton, C. B. Roth, Physically intu-
itive continuum mechanics model for quartz crystal mi-
crobalance: Viscoelasticity of rubbery polymers at MHz
frequencies. Journal of Polymer Science 60, 244–257
(2022).

38. D. Johannsmann, The Quartz Crystal Microbalance in

Soft Matter Research: Fundamentals and Modeling.
(Springer International Publishing, Switzerland), (2015).

39. D. Johannsmann, A. Langho↵, C. Leppin, Studying Soft
Interfaces with Shear Waves: Principles and Applications
of the Quartz Crystal Microbalance (QCM). Sensors 21,
3490 (2021).

40. K. R. Shull, M. Taghon, Q. Wang, Investigations of
the high-frequency dynamic properties of polymeric sys-
tems with quartz crystal resonators. Biointerphases 15,
021012 (2020).

41. J. Genzer, R. J. Composto, The interface between immis-
cible polymers studied by low-energy forward recoil spec-
trometry and neutron reflectivity. Polymer 40, 4223–
4228 (1999).

42. J. A. Forrest, K. Dalnoki-Veress, Sub-glass-transition
temperature interface formation between an immiscible
glass rubber pair. Journal of Polymer Science Part B:

Polymer Physics 39, 2664–2670 (2001).

43. E. J. Kramer, Depth profiling methods that provide in-
formation complementary to neutron reflectivity. Physica
B: Condensed Matter 173, 189–198 (1991).

44. D. Rigby, J. L. Lin, R. J. Roe, Compatibilizing e↵ect of
random or block copolymer added to binary mixture of
homopolymers. Macromolecules 18, 2269–2273 (1985).

45. K. Sadman, C. G. Wiener, R. A. Weiss, C. C. White,

9



K. R. Shull, B. D. Vogt, Quantitative Rheometry of Thin
Soft Materials Using the Quartz Crystal Microbalance
with Dissipation. Analytical Chemistry 90, 4079–4088
(2018).

46. B. Lautrup, Physics of Continuous Matter. (CRC Press,
Boca Raton, FL), 2 edition, (2011).

47. J. Brandrup, E. H. Immergut, E. A. Grulke, A. Abe,
D. H. Bloch, eds., Polymer Handbook. (Wiley, New
York), 4th edition, (1999).

48. R. H. Colby, L. J. Fetters, W. W. Graessley, The melt
viscosity-molecular weight relationship for linear poly-
mers. Macromolecules 20, 2226–2237 (1987).

49. S. J. Park, P. S. Desai, X. Chen, R. G. Larson, Univer-
sal Relaxation Behavior of Entangled 1,4-Polybutadiene
Melts in the Transition Frequency Region. Macro-

molecules 48, 4122–4131 (2015).

50. R. P. White, J. E. G. Lipson, Dynamics across a Free
Surface Reflect Interplay between Density and Coopera-

tive Length: Application to Polystyrene. Macromolecules

54, 4136–4144 (2021).

51. B. Mei, Y. Zhou, K. S. Schweizer, Long Wavelength
Thermal Density Fluctuations in Molecular and Poly-
mer Glass-Forming Liquids: Experimental and Theoreti-
cal Analysis under Isobaric Conditions. Journal of Phys-
ical Chemistry B 125, 12353–12364 (2021).

52. B. Mei, Y. Zhou, K. S. Schweizer, Experimental test
of a predicted dynamics–structure–thermodynamics con-
nection in molecularly complex glass-forming liquids.
Proceedings of the National Academy of Sciences 118,
e2025341118 (2021).

53. B. Mei, Y. Zhou, K. S. Schweizer, Experimental Tests
of a Theoretically Predicted Noncausal Correlation be-
tween Dynamics and Thermodynamics in Glass-forming
Polymer Melts. Macromolecules 54, 10086–10099 (2021).

54. R. O. Pohl, X. Liu, E. Thompson, Low-temperature ther-
mal conductivity and acoustic attenuation in amorphous
solids. Reviews of Modern Physics 74, 991–1013 (2002).

10



SUPPLEMENTARY INFORMATION

Development of broad modulus profile upon polymer-polymer interface

formation between immiscible glassy-rubbery domains

Yannic J. Gagnon, Justin C. Burton, Connie B. Roth

Department of Physics, Emory University, Atlanta, Georgia 30322 USA

Contact: cbroth@emory.edu

For PNAS, revised version dated October 2, 2023

Polybutadiene/Polystyrene Interfacial Width

The interfacial width that forms between high molecular weight polybutadiene (PB) and polystyrene

(PS) polymers has been well studied by Genzer and Composto using both neutron reflectivity and low-energy

forward recoil spectrometry (LE-FRES) (1). The molecular weights and PB microstructure used for their

study of the PS/PB interfacial composition are comparable to those we use in the present study: PS with

Mw = 575 kg/mol (Mw/Mn = 1.06), deuterated PS (dPS) with Mw = 550 kg/mol (Mw/Mn = 1.05), and PB

with Mw = 270 kg/mol (Mw/Mn = 1.32 and 49.8% cis-1,4, 43.5% trans-1.4, 6.7% vinyl-1,2). The interfacial

width between PS and PB was studied both prior to and after high temperature annealing. The PB/PS

bilayer samples were assembled by first spin-coating a ⇡400 nm thick PB layer and annealing it overnight at

60 �C under vacuum. Then a ⇡60 nm thick layer of dPS or PS/dPS mixture was floated atop the PB layer.

The assembled PS/PB bilayer was then held at 50 �C overnight under vacuum. This initial sample without

any high temperature annealing was measured showing an initial PS/PB interface roughness of 1.5 nm

by neutron reflectivity (1). As experimental measurements of interfacial width reflect both the true local

interfacial width and interface roughness averaged over the area of the sample probed by the measurement

beam, the actual interfacial width would be expected to be less than this, especially for the initial state

of the bilayer (1, 2). Forrest and Dalnoki-Veress demonstrated that limited interfacial broadening occurs

between rubbery and glassy polymers until temperatures above the Tg of the glassy component are reached

(3). Thus for our initial PB/PS bilayers, held at only 25 �C for 20 hours, we would not expect the PB/PS

interfacial width to be more than ⇡1 nm.

In the Genzer and Composto study, their PS/PB bilayers were then annealed for 4 days at 175 �C

giving a broadened interfacial width of 3.6 nm (1). The reported volume fraction profiles determined from
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neutron reflectivity show that the full span of the PS/PB interface is ⇡5 nm. These values were shown to

be in good agreement with self-consistent field theory calculations in the limit of infinite molecular weight

using literature values of the PS/PB � interaction parameter (1, 4). The measured interfacial widths from

LE-FRES on samples that were annealed for 7 days at 175 �C were found to be comparable at 6.0± 3.5 nm,

but slightly larger in both magnitude and error because this experimental technique has a depth resolution

of only 13 nm, in contrast to neutron reflectivity’s depth resolution that is better than 1 nm (1). The

LE-FRES measurements do provide good confirmation that the PS/PB interfacial width spans no larger

than ⇡25 nm, ensuring that the neutron reflectivity analysis is not missing some small gradual change

in composition further from the interface (5). Using mixtures of PS and dPS for the neutron reflectivity

measurements, Genzer and Composto also confirmed that deuteration had no significiant impact on the

PS/PB interaction (1).

The PS and PB molecular weights used in our present study are slightly higher than those used by

Genzer and Composto, but this should have little to no impact on the interfacial width as the molecular

weights used in the Genzer and Composto study are already well within the high molecular weight limit (1).

The PS/PB interaction parameter � is weakly temperature dependent such that at our annealing temperature

of 120 �C, � would be slightly larger suggesting a narrower interfacial width by ⇡0.2 nm compared with that

measured at 175 �C (1, 4). Thus, we conclude that the PB/PS bilayer broadens to ⇡5 nm after annealing

at 120 �C. The time scale of polymer-polymer interface formation of PS/dPS bilayers at 120 �C takes about

100 min to reach a 5 nm interfacial width (2), where we would expect the time scale for PB/PS interfaces

to be comparable or perhaps slightly faster (3, 6).

The probability that some low molecular weight component is migrating across the interface to mix

with the other component is extremely unlikely as our PB was washed three times to remove the small

molecule antioxidant that is typically added to PB, which would also wash away the very low molecular

weight part of the PB distribution. Our high molecular weight PS was anionically synthesized, meaning no

low molecular weight component is present in its distribution. Even though PS and PB can be miscible at

very low, oligomeric molecular weights (⇡2 kg/mol) (7), polymers become strongly immiscible with increasing

molecular weight. Roe and Zin demonstrated that the upper critical solution temperature (UCST) increases

from ⇡150 �C to already ⇡220 �C just increasing the PS molecular weight from Mw = 2.4 kg/mol to Mw

= 3.5 kg/mol when mixed with PB of Mw = 2.6 kg/mol with comparable microstructure to our own PB

(8). Our molecular weights of PS Mw = 650 kg/mol and PB Mw = 375 kg/mol are more than two orders of

magnitude higher and thus would not be miscible at any temperature.
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Continuum Physics Model Analysis of the QCM-film System

The continuum physics layer model used here to fit the �fn and ��n experimental data is an exten-

sion from that developed recently in Ref. (9). The QCM produces a shear wave that obeys the boundary

conditions of continuity of stress and displacement across the layers, and zero stress boundary conditions

at the free surfaces. These continuity equations are numerically solved for the frequency and dissipation

shifts �f(n) and ��(n) at each odd harmonic n. To compute the �fn and ��n values, we treat the QCM

system as undriven such that it acts as an underdamped harmonic oscillator with the amplitude of motion

decreasing exponentially in time. This simplifies the data analysis because the frequency and dissipation can

be combined into a complex frequency e! = 2⇡f̃ = 2⇡(nf0 +�fn + i��n). The essential ingredients of the

model are that the QCM and polymer layers atop the QCM are treated as continuum layers described by a

complex, frequency-dependent shear modulus eG(f) = G0(f) + iG00(f), density ⇢, and film thickness h. The

density is held constant at a value determined from the literature.

For the specific cases of PS and PB, the modulus of PS at room temperature and MHz frequencies

is approximately constant and can be well fit by a single frequency independent storage modulus parameter

G0
PS (9). The density of PS is held fixed at ⇢ = 1.04 g/cm3 (9, 10). The modulus of PB at room temperature

and in the frequency range between 5 MHz to 45 MHz (corresponding to the QCM harmonic range of n = 1

to 9) was previously established to depend on the harmonic number (frequency) as eG(f) = G0(f)+iG00(f) =

G0
0 n

�0
+ iG00

0 n
�00

(9). The values for the storage modulus exponent �0 and the loss modulus exponent �00

were determined in Ref. (9) by fitting literature data for PB to obtain �0 = 0.50±0.03 and �00 = 0.74±0.01,

where excellent agreement was found between the storage and loss moduli for PB determined by QCM with

that from literature studies that were collected by rheometry at lower frequency then time-temperature

shifted to MHz frequencies at a 25 �C reference temperature. The density of PB is held fixed at ⇢ = 0.895

g/cm3 (9, 11).

We define our axes such that the shear wave produced by the QCM is treated as propagating in the

ẑ-direction and oscillating in the ŷ-direction (9). The shear displacement and shear stress in a given layer j

are given by:

~uj(z, t) = eie!t
⇣
Aj e

�iekjz +Bj e
iekjz

⌘
ŷ (S1)

�j = eGj
@uj

@z
, (S2)

where �yz is the only nonzero component of the stress tensor, k̃j = 2⇡f̃/c̃j is the complex wave vector,

and Aj and Bj are the wave amplitudes of the forward propagating and reflected waves, respectively. The
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complex angular frequency e! at a given harmonic number n is related to the frequency and dissipation shifts

by e! = 2⇡ ef = 2⇡(nf0 +�fn + i��n).

For the PB/PS bilayer model shown in Fig. 3A, continuity of displacement at the PS/quartz interface

at z = 0 (no-slip boundary condition) gives

uPS(z, t)

����
z=0

= uq(z, t)

����
z=0

APS +BPS = Aq +Bq , (S3)

and continuity of displacement at the PB/PS interface (z = hPS) gives

uPB(z, t)

����
z=hPS

= uPS(z, t)

����
z=hPS

APB e�iekPBhPS +BPB ei
ekPBhPS = APS e

�ikPShPS +BPS e
ikPShPS . (S4)

Stress continuity (Newton’s third law) at the PS/quartz interface (z = 0) gives

�PS(z, t)

����
z=0

= �q(z, t)

����
z=0q

⇢PS G0
PS (APS �BPS) = Zq (Aq �Bq) , (S5)

where
p
⇢PS G0

PS is the acoustic impedance of PS, and Zq is the known acoustic impedance for AT-cut

quartz: Zq =
p
⇢q Gq = 8.8⇥ 109 g m�2 Hz (9, 12). The relation k = !

c = !
p ⇢

G was used to substitute for

the wavevector prefactors that are gained after taking derivatives of the displacement. Stress continuity at

the PB/PS interface (z = hPS) gives

�PB(z, t)

����
z=hPS

= �PS(z, t)

����
z=hPSq

⇢PB
eGPB

h
APB e�iekPBhPS �BPB ei

ekPBhPS

i
=

q
⇢PS G0

PS

⇥
APS e

�ikPShPS �BPS e
ikPShPS

⇤
, (S6)

where
q
⇢PB

eGPB is the acoustic impedance of PB. The PB film/air and bottom quartz/air interfaces are

stress-free, giving

�PB(z, t)

����
z=(hPS+hPB)

= 0

APB �BPB exp


i4⇡(hPS + hPB)

r
⇢PB

eGPB

(fn + i�n)

�
= 0 , (S7)
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and

�q(z, t)

����
z=�L

= 0

Aq �Bq exp


�i

2⇡

f0
(fn + i�n)

�
= 0, (S8)

where the thickness L of the quartz is related to the fundamental frequency f0 by L = �0
2 = cq

2f0
.

To solve Equations (S3)-(S8), we first normalized the amplitudes by setting Aq = 1. The PS film

thickness hPS and modulus G0
PS were determined from initial QCM measurements on the single-layer PS

film prior to adding the PB layer on top and then held fixed during the bilayer analysis. Starting from initial

guesses for the PB modulus eGPB = G0
PB n�0

+ iG00
PB n�00

and thickness hPB, the experimental �f(n) and

��(n) data for the QCM bilayer measurements were fit to the continuum physics model by performing chi-

squared minimization using the local minimization routine FindMinimum in Mathematica, which performs

a Levenberg-Marquardt algorithm. For a given harmonic number n, the Equations (S3)-(S8) (6 equations)

were solved numerically for the six unknowns, all of which are complex: � efn = �fn + i��n, Bq, APS, BPS,

APB, BPB. The resulting best fit parameters from the bilayer analysis were the storage G0
PB and loss G00

PB

moduli prefactors and film thickness hPB of the PB layer.

For the trilayer model shown in Fig. 4A, the intermix layer is added in the same manner by applying

the boundary conditions of stress and displacement continuity at z = hPS + WG
2 and z = hPS � WG

2 such

that intermix layer thickness WG comes equally from both the PS and PB layers, thus keeping the total

film thickness hPS + hPB constant. Fitting of the �f(n) and ��(n) data from the QCM measurements

with increasing annealing time ta were done by holding the G0
PB, G

00
PB, and hPB parameters for the PB layer

fixed at that determined from the bilayer fitting to the data collected at zero annealing time (ta = 0). As

described in the main text, the modulus and density of the intermix layer were taken to be the average of the

PB and PS layers, eGav = 1
2 (

eGPB+G0
PS) and ⇢av = 1

2 (⇢PB+⇢PS), leaving only a single fitting parameter: the

thickness WG of the intermix layer. The choice of eGav as the arithmetic average of the PB and PS moduli

was selected as the simplest approximation. To test the sensitivity of the intermix layer thickness WG to

this choice, we varied the “average” modulus eGav between 30%/70% eGPB/G0
PS and 70%/30% eGPB/G0

PS,

corresponding to a change in eGav by ⇡40% in either direction, finding that WG was well constrained varying

less than 2 nm. Attempts to also treat eGav as a fit parameter or add an additional fitting parameter that

might account for an asymmetry in the position of the intermix layer relative to the PS/PB interface were

found to be inconclusive with this analysis procedure.
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Control measurements

Rubbery polymers with very low glass transition temperatures like PB (T bulk
g = –96 �C for PB)

frequently come with a small molecule additive that stabilizes the polymer against degradation at elevated

temperatures. However, such small molecule additives can act as plasticizers altering the polymer properties

slightly. We found this to be the case for this PB (Mw = 375 kg/mol, Mw/Mn = 2.4, 36% cis 1,4; 55% trans

1,4; 9% vinyl 1,2) purchased from Scientific Polymer Products when investigating local Tg(z) measurements

with this polymer in our previous study, Ref. (13). To remove this small molecule additive and avoid

plasticization issues, we washed the purchased PB three times by dissolving the polymer in tetrahydrofuran

(THF) and precipitating it in chilled methanol, as described previously (13). With the washed PB, the local

Tg(z) profile in the PS domain next to the PB domain is that shown in Fig. 1 where the data are from

Ref. (13).

The removal of this small molecule stabilizing agent causes the potential concern that PB could begin

degrading at elevated temperatures when the PB/PS bilayer films are annealed for extended lengths of time

at 120 �C as the PB is then more than 200 �C above its bulk Tg. Annealing of the PB/PS bilayer films

at 120 �C are done under vacuum to limit oxygen exposure when at high temperature, which should help

mitigate these e↵ects. Control measurements were performed to ensure that the measured changes in the

PB/PS bilayers observed when annealing at 120 �C are not caused by changes in the PB layer due to high

temperature exposure.

A

QCM

280 nm PB

B

Fig. S1: Comparison of resonance frequency traces at the (A) n = 1 (5 MHz) and (B) n = 7 (35 MHz) harmonics for

a single layer PB film atop the QCM sensor collected after only being held at 25
�
C for 12 h (blue traces) and after

annealing at 120
�
C for 100 min (red traces). Little to no change is observed in �f(n) and ��(n) upon annealing

at 120
�
C over 100 min for a single layer PB film demonstrating no appreciable change in the PB’s film thickness or

viscoelastic properties with annealing time ta.
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Figure S1 shows the resonance traces of a single layer PB film with thickness of 280 nm on a QCM

sensor undergoing the same annealing protocol at 120 �C as is done for the PB/PS bilayer samples. The

figure compares the resonances traces at the n = 1 and n = 7 harmonics collected prior to (blue) and after

(red) annealing the sample at 120 �C for 100 min. In contrast to the large changes in �� observed at the

n = 7 harmonic for the PB/PS bilayers, as was shown in Fig. 2, there is no appreciable shift in the resonance

frequency or dissipation between the pre-annealed data and that collected after 100 min of annealing at

120 �C. This demonstrates that there is no meaningful change in either the film thickness or viscoelastic

properties of the PB films within this annealing range. For annealing times in significant excess of 100 min

(ta � 200 min), we did observe a progressive decrease in the ��(n = 7) data that could potentially be

associated with degradation of the PB layer when annealed for extended periods at such high temperatures

above its Tg. This is one of the factors that contributed to our decision to limit the annealing time at 120 �C

to 100 min.

Figure S2 further compares the evolution of the dissipation shift �� at the n = 7 harmonic with

annealing time ta at 120 �C for a series of di↵erent control samples. Data for three di↵erent single layer PB

films are shown (open triangles) demonstrating that the dissipation shift��n=7(ta) is constant to within 10%

with annealing at 120 �C for 100 min. (The gray data were shifted slightly to account for small di↵erences

in the initial value of ��n=7(ta) at ta = 0 from sample to sample.) In contrast, data for a PB/PS bilayer

sample (solid squares) demonstrates the significant ⇡50% decrease in ��n=7(ta) with annealing at 120 �C

that occurs over the 100 min. Data are also shown for a control sample corresponding to a PS/PS bilayer

0 20 40 60 80 100 120
0

500

1000

1500

PB single layer

PS/PS bilayer

D
is

si
pa

tio
n 

sh
ift
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Γ
n=
7(
t a)

Annealing time ta at 120 oC  (min)

PB/PS bilayer

Fig. S2: Values of the dissipation shift at the 7th harmonic ��n=7(ta) as a function of cumulative annealing time ta
at 120

�
C. The PB/PS bilayer data (solid squares) demonstrate a pronounced decrease in dissipation with annealing

time. In contrast, three di↵erent single layer PB samples (open triangles) illustrate that PB is stable to within 10%

during 100 min of annealing at 120
�
C. A control sample of a PS/PS bilayer film is also shown (open circles) for

comparison.
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sample (open circles) showing an initial decrease in ��n=7(ta) with annealing time at 120 �C associated

with the intermixing of the two PS/PS layers to form a single continuous medium.
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