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ABSTRACT: Profiles in the local glass transition
temperature Tg(z) within polystyrene (PS) next to
polydimethylsiloxane (PDMS) domains were deter-
mined using a localized fluorescence method. By
changing the base to cross-linker ratio, we varied
the cross-link density and hence Young’s modulus
of PDMS (Sylgard 184). The local Tg(z) in PS at
a distance of z = 50 nm away from the PS/PDMS
interface was found to shift by 40 K as the PDMS
modulus was varied from 0.9–2.6 MPa, demon-
strating a strong sensitivity of this phenomenon to
the rigidity of the neighboring domain. The ex-
tent the Tg(z) perturbation persists away from the
PS/PDMS interface, z ≈ 65–90 nm before bulk
Tg is recovered, is much shorter for this strongly
immiscible system compared with the weakly im-
miscible systems studied previously, which we at-
tribute to a smaller interfacial width as the χ pa-
rameter for PS/PDMS is an order of magnitude
larger.

High performance multicomponent materials
have nanostructured morphologies where the de-

sired global properties are obtained from an amal-
gam of local property changes caused by the mul-
titude of internal interfaces. Studies on thin poly-
mer films have demonstrated a host of property
changes with decreasing film thickness attributed
to interface effects,1–5 including polymer-polymer
interfaces.5–18 The efficient design of multicom-
ponent materials requires the understanding of
how these interface effects perturb local proper-
ties. Glassy-rubbery interfaces between polymer
domains impart material toughness and flexibil-
ity,19,20 and can be used to tune phononic trans-
port.21 Although a range of different processing
methods have been developed to create morpholo-
gies with sub-100 nm domain sizes,22–25 studies
of simplified systems with a single interface can
directly inform the underlying mechanisms behind
such applications by mapping local properties as a
function of distance from the interface.

In 2015, Baglay and Roth mapped how the
local glass transition temperature Tg(z) changed
across a glassy-rubbery polystyrene (PS) / poly(n-
butyl methacrylate) (PnBMA) interface, finding
this profile in local dynamics to be much broader
and asymmetric relative to the composition pro-
file,16 with follow-up work demonstrating a simi-
lar behavior for a range of weakly immiscible poly-
mer pairs.17,26 The range the dynamical perturba-
tion persisted away from the dissimilar polymer-
polymer interface before bulk Tg was recovered
for these semi-infinite bilayer systems depended on
whether the neighboring polymer domain had a
higher T bulk

g (“hard confinement”), extending to

z ≈ 100–125 nm, or lower T bulk
g (“soft confine-

ment”), extending to z ≈ 225–250 nm. An im-
portant observation from these studies was that
these broad Tg(z) profiles only formed upon an-
nealing the dissimilar polymer interface to equilib-
rium, suggesting that some factor during polymer-
polymer interface formation was responsible for
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the coupling of Tg dynamics across the interface.17

More recent work has identified that chain connec-
tivity across the interface appears to play a domi-
nant role,27 as opposed to interfacial roughness.28

However, a number of open questions remain: Does
the breadth of the compositional interface impact
the range of the dynamical Tg(z) perturbation? Is
the modulus of the neighboring domain an impor-
tant factor in dictating the Tg(z) response?

In the present work we test both these open ques-
tions by experimentally measuring the Tg(z) pro-
file in PS next to polydimethylsiloxane (PDMS) by
varying cross-link density to alter the modulus of
the PDMS neighboring domain without changing
the chemistry of the dissimilar polymer interface.
A localized fluorescence method is used to measure
the local Tg(z) of a thin pyrene-labeled PS probe
layer placed at a distance z from the PS/PDMS
interface. These findings demonstrate that the
breadth of the compositional interface between the
two dissimilar polymers and the modulus of the
neighboring domain are key factors controlling the
Tg(z) behavior, providing insight for related theo-
retical efforts in the field1,8,13,14,29–34 into the con-
trol parameters responsible for this phenomenon.
Characterization of the local properties near the
interface of PS/PDMS, in particular, are relevant
for a range of applications from mechanical rein-
forcement of polymers19,20 to the buckling-based
metrology used to measure the modulus of ultra-
thin glassy films.35–37

Figure 1a illustrates the multilayer sample geom-
etry assembled for the fluorescence measurements
that places a 10-15 nm thick pyrene-labeled PS
probe layer (Mw = 672 kg/mol, Mw/Mn = 1.3, 1.4
mol% pyrene16,17,27,38) at a known distance z from
the PS/PDMS interface by changing the thickness
z of a neat PS (Mw = 1920 kg/mol, Mw/Mn =
1.26) spacer layer between the underlying PDMS
and pyrene-probe layer. An additional thick (>500
nm) neat PS layer is placed atop the probe layer
to eliminate Tg shifts caused by the free surface.
Layer thicknesses were measured using ellipsome-
try.39 By assembling samples with different z-layer
thicknesses, the local Tg(z) value can be mapped
out as a function of distance from the PS/PDMS
interface. We ensure that the PS/PDMS interface
is annealed to equilibrium by first assembling the
z-spacer layer atop the PDMS and annealing these
two layers for 90 min at 140 ◦C before adding the
remaining layers. The entire multilayer stack is
further annealed for 20 min at 120 ◦C immedi-
ately prior to the start of the fluorescence measure-
ments to ensure thermal history has been erased,
and to consolidate all the layers into a continu-
ous material while still maintaining the morphol-
ogy of the assembled structure shown in Fig. 1a.16

High molecular weight polymers have been used
to limit the diffusion of the pyrene-labeled probe

Figure 1. (a) Schematic of sample geometry assembled
to place the 10-15 nm thick pyrene-labelled PS (PS-Py)
probe layer at a distance z from the PS/PDMS interface
by varying the thickness z of the neat PS spacer layer.
(b) Temperature dependence of fluorescence intensity
of PS-probe layer at z = 50 nm for all three samples
of varying PDMS cross-link density: Tg(z = 50 nm) =
48± 2 ◦C (17:1), 81± 2 ◦C (9:1), and 95± 2 ◦C (6:1).

layer and keep it localized at the position z by
making the reptation time longer than the mea-
surement time.4,16 PDMS layers (50–180 µm thick)
were made from Sylgard 184 (Dow Corning) where
the base to cross-linker ratio was varied from 6:1 to
17:1 by weight and cured at 70 ◦C for 2 h following
Refs. 35,40. The same Tg(z) values were also ob-
tained for samples with 2 µm thick PDMS layers
formed by spin-coating, prior to curing under the
same conditions. Thus, the measured Tg(z) val-
ues are independent of the thickness of the PDMS
layer. Further experimental details are provided
in the Supporting Information along with various
control measurements.

Fluorescence measurements to determine the lo-
cal Tg(z) were done on cooling at 1 ◦C/min by
monitoring the pyrene emission intensity at a wave-
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length of 379 nm for 3 s every 27 s, exciting at
a wavelength of 330 nm.15 The temperature de-
pendence of the fluorescence intensity is shown in
Fig. 1b for three representative samples with vary-
ing PDMS cross-link densities, where the pyrene
probe layer has been placed at a distance z = 50
nm. Following previous works,4,15–17,26,27 the glass
transition temperature Tg(z) is determined from
the intersection of linear fits to the data above and
below the transition. It is well known that pyrene
fluorescence is extremely sensitive to the local en-
vironment’s polarity, density, and rigidity, where
the temperature dependence of the fluorescence in-
tensity of pyrene within a polymer matrix reflects
changes in the quantum yield of the dye due to the
local rigidity of the surrounding matrix that is in-
fluenced by the polymer’s thermal expansivity.41–43

As established by Torkelson and co-workers,4,43

the Tg values from fluorescence agree well with
ellipsometry and differential scanning calorimetry
(DSC) for bulk samples. For the intensity vs. tem-
perature curves shown in Fig. 1b, the glass tran-
sition temperatures for these three samples are
Tg(z = 51 nm) = 95 ± 2 ◦C for PDMS with 6:1
base to cross-linker ratio, Tg(z = 53 nm) = 81± 2
◦C for 9:1, and Tg(z = 51 nm) = 48±2 ◦C for 17:1.
These data demonstrate that the local Tg(z) of PS
at z = 50 nm is strongly reduced relative to the
bulk Tg value for PS of T bulk

g = 101.5± 2.0 ◦C and
extremely sensitive to the properties of the neigh-
boring PDMS layer, with the Tg(z = 50 nm) values
shifting by approximately 45 K as the PDMS base
to cross-linker ratio is varied from 6:1 to 17:1.

The PDMS underlayers were fabricating using
Dow Corning’s Sylgard 184 elastomer kit by mixing
the base prepolymer with the curing agent at dif-
ferent ratios n to create PDMS with different cross-
link densities. Sylgard 184 has frequently been
used in this manner with several groups charac-
terizing the resulting modulus.40,44–47 In Figure 2,
we plot the Young’s modulus E as a function of
base to cross-linker ratio n measured by these vari-
ous studies that used comparable curing conditions
to our own, 70 ◦C for 2 h. Remarkable consis-
tency is found for the measurements of Young’s
modulus E(n) using a range of different methods:
tensile,40,44 compression,45 indentation,46 dynamic
mechanical analysis (DMA),47 and buckling-based
metrology.40 We find these E(n) data are well de-
scribed by an exponential decay

E(n) = E0 exp

(
− n

n0

)
(in MPa), (1)

where E0 = 4.73±0.36 MPa and n0 = 10.16±0.67.
Equation 1 gives values for the PDMS modulus

of E = 0.89 ± 0.12 MPa for 17:1, E = 1.95 ± 0.19
MPa for 9:1, and E = 2.62 ± 0.22 MPa for 6:1.
For the data shown in Fig. 1, this implies that a

Figure 2. PDMS Young’s modulus E for Sylgard
184 as a function of base to cross-linker ratio n mea-
sured using different methods as compiled from litera-
ture: Wilder et al.,40 Glover et al.,44 Carrillo et al.,45

Trappmann et al.,46 and Tiwari et al.47 Glover et al.’s
data marked as X-diamonds represent samples washed
in good solvent to extract unreacted small molecules.

change of the PDMS modulus by nearly a factor
of three generated an approximately 45 K shift in
the local Tg in PS at a distance of z ≈ 50 nm
from the PS/PDMS interface. We explore this
trend more fully in Figure 3 by plotting the lo-
cal Tg(z = 50 nm) as a function of PDMS modulus
for a range of different samples, using eq. 1 to de-
termine E for the given base to cross-linker ratio n
used. The trend in Tg(z = 50 nm) with E appears
linear, showing a large decrease in Tg(z = 50 nm)
of more than 20 ◦C/MPa with decreasing PDMS
modulus in the range of E = 0.9–2.6 MPa, suggest-
ing that the modulus of the neighboring domain is
a dominant factor influencing the properties of PS.
Interestingly, the value of Tg(z = 50 nm) for the 6:1
ratio, when the PDMS modulus is still only E = 2.6
MPa, is already at 90.7± 3.3 ◦C, close to the bulk
value for PS of T bulk

g = 101.5±2.0 ◦C. For compar-
ison, if we perform the same local Tg(z = 50 nm)
measurement in PS when the underlying material
is silica (a material with a modulus48 of ≈ 75 GPa),
we obtain a local Tg(z = 50 nm) = 101.7± 1.5 ◦C

as shown in Fig. 3, equivalent to T bulk
g as expected

given that PS/silica is known to be a neutral in-
terface not impacting the local Tg as measured by
fluorescence.4,27,28 However, a comparison between
the PS/PDMS system, where interdiffusion of the
two polymers has been allowed to occur, with the
PS/silica interface, where no such interdiffusion is
possible, may not be the most pertinent.

In our group’s 2017 study,17 we learned that the
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Figure 3. Local Tg(z) in PS at a fixed distance of
z = 50 nm from the PS/PDMS interface as a function
of PDMS Young’s modulus E, based on eq. (1). Rep-
resentative horizontal error bars denote the uncertainty
in E, while the symbol size indicates the vertical un-
certainty of ±2 ◦C in any given Tg measurement. The
X-diamond symbols correspond to samples where the
PDMS was washed in toluene, a good solvent, to ex-
tract unreacted small molecules. Grey diamonds at 75
GPa are Tg(z = 50 nm) for PS supported on silica with
the horizontal dotted line corresponding to T bulk

g .

interaction between the two polymer domains that
creates the broad Tg(z) profile only occurs upon an-
nealing of the dissimilar polymer-polymer interface
to equilibrium. Local interpenetration of the two
polymer domains at the interface is key to creating
this coupling of dynamics that impacts the local
properties over an extended distance from the in-
terface. In follow-up work, we were able to show
that chain connectivity plays a dominant role in
this behavior,27 while interface roughness has little
to no impact.28 However, it is worth noting that al-
though chain connectivity across the interface itself
seems to be important to at least create interfacial
breadth, we are observing significant shifts in lo-
cal Tg(z) at distances z sufficiently far away from
the interface that no individual chain can span the
distance. Shown in Supporting Information, we
demonstrate how the Tg(z = 50 nm) decrease de-
velops upon annealing of the PS/PDMS interface
at 140 ◦C, requiring 60–90 min to reach equilib-
rium. All Tg(z) measurements shown in Figs. 1,
3, and 4 are for samples where the PS/PDMS in-
terface was annealed for 90 min at 140 ◦C to en-
sure equilibrium was reached. In the buckling-
based metrology method used to measure the elas-
tic modulus of PDMS in Fig. 2,40 bilayer films of
glassy PS atop rubbery PDMS are formed at room

temperature by stretching the PDMS layer prior
to placing the glassy PS layer on top. Upon re-
lease of this initial strain, the PDMS layer con-
tracts and the glassy PS layer buckles with an un-
dulation wavelength that depends on the modulus
of both layers.35,36,40 In this measurement, because
the PS/PDMS bilayer film is never heated above
room temperature, there will be little to no in-
terpenetration between the two polymer domains.
Thus, we would not expect local Tg(z) changes
near the PS/PDMS interface, and would antici-
pate the PDMS modulus to be equivalent to bulk
measurements as shown in Fig. 2. Interestingly,
Vogt and coworkers have correlated a softening of
the top glassy layer measured using the buckling-
based metrology method as the Tg of the glassy
layer is approached.3,49 Forrest and Dalnoki-Veress
have shown that some limited interdiffusion can oc-
cur at glassy-rubbery interfaces below the Tg of the
glassy polymer.50 Thus, it is possible that as the
glassy Tg is approached from below, some limited
interdiffusion is occurring at the glassy-rubbery in-
terface between the glassy polymer layer and the
underlying PDMS in the buckling-based metrology,
resulting in an additional source of softening for the
glassy layer.

One of the concerns with using the commercial
Sylgard 184 elastomer kit is that the base and cur-
ing parts also contain additional components such
as a catalyst, an inhibitor, solvent diluents, and
silica filler (according to the product safety data
sheets),51,52 which could affect the PDMS mate-
rial formed. In addition, curing the material at
a different base to cross-linker ratio from the rec-
ommended 10:1 ratio can result in unreacted small
molecules still being present in the PDMS mate-
rial after curing. This has been reported to be es-
pecially pronounced for n > 30, but for the range
of 6 ≤ n ≤ 17 used in our study, the percentage
of unreacted mass is only ∼4–8 %.44,52 Washing
of the PDMS with a good solvent like toluene or
heptane to swell the PDMS elastomer can be used
to extract this unreacted material and other free
small molecules.44,51,52 Glover et al.44 compared
the modulus E(n) of Sylgard 184 PDMS before and
after solvent washing to extract unreacted material
and found only a very small difference in the mod-
ulus E for the range of n’s shown in Fig. 2 (their
washed E(n) values are denoted with X-diamond
symbols). Perhaps a bigger concern for our Tg(z)
measurements is that such free small molecules
could migrate to the surface of PDMS and across
to the PS domain, possibly causing plasticization
of the material. We have verified that this con-
cern is not impacting the measured Tg(z) values
by washing our PDMS samples in toluene to re-
move such unreacted free material and confirmed
that we obtain the same Tg(z) values pre- and post-
extraction. We show these measured Tg(z) val-
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ues for samples where the PDMS layer has been
washed in Fig. 3 with X-diamond symbols. Thus,
we have ensured that the reduction in local Tg(z)
near the PS/PDMS interface is not caused by plas-
ticization, which is consistent with our earlier pub-
lication where we also demonstrated that the local
Tg(z) profiles reported were not caused by plasti-
cization from some low molecular weight compo-
nent.26

Figure 4. Local Tg(z) profile within PS as a function
of distance z from the PS/PDMS interface for PDMS
with three different cross-link densities (moduli). PS
T bulk
g is recovered at z ≈ 65–90 nm. Data marked with

an X denote samples where the cured PDMS was sol-
vent washed to remove any unreacted monomer or im-
purities. Symbol size represents the ±2 ◦C uncertainty
associated with any given Tg measurement.

In Figure 4, we plot the Tg(z) profile within PS
next to PDMS with varying cross-link densities:
6:1 (E = 2.62 MPa), 9:1 (E = 1.95 MPa), and 17:1
(E = 0.89 MPa). As the pyrene-labeled PS layer,
where the local Tg(z) is measured, is moved closer
to the PS/PDMS interface by decreasing the thick-
ness of the neat PS z-layer (see Fig. 1a), the local
Tg(z) decreases in an apparent linear fashion by

tens of degrees Celsius from T bulk
g for PS, with an

≈40 K larger Tg(z) decrease for the softer PDMS
underlayers. The distance z ≈ 65–90 nm from
the PS/PDMS interface at which T bulk

g is recov-
ered is significantly shorter than the z ≈ 225–250
nm observed previously for soft underlayers by
Baglay et al.16,17 for a series of weakly immisci-
ble polymer pairs with interfacial widths wI = 5–7
nm. We believe this difference is likely due to the
greater immiscibility of PS/PDMS, whose interac-
tion parameter χ is an order of magnitude larger

than the weakly immiscible systems studied previ-
ously, such that the interfacial width wI ∼ χ−1/2

for the PS/PDMS system would be much smaller.
For PS/PDMS, we estimate the interfacial width
wI = 2b√

6χ
≈ 1.5 nm from the interaction param-

eter53 χ = 0.17 at 140 ◦C where the PS/PDMS
interface is annealed to equilibrium (b is the sta-
tistical segment length) for a composition profile

φ(z) = 1
2

[
1 + tanh

(
2z
wI

)]
. Supporting this conclu-

sion is the recent theoretical work by Mirigian and
Schweizer that demonstrated an approximate dou-
bling of the length scale in interface perturbations
by incorporating a larger, more realistic interfa-
cial width for a polymer–air interface compared to
the infinitely narrow, step-function interface most
commonly employed by theoretical works.54 Unfor-
tunately, theoretical difficulties and limited com-
putational power make the modeling of polymer-
polymer systems with large interfacial widths chal-
lenging.1

Theoretical efforts aimed at understanding Tg
perturbations near interfaces have suggested that
local elastic stiffness29,30,55 or rigidity of the neigh-
boring domain correlated with the Debye-Waller
factor8,31 may be strong controlling parameters
for affecting local alpha-relaxations. These efforts
would suggest that the high-frequency, glassy shear
modulus G(ω) would then be the relevant prop-
erty for correlating with local Tg(z) shifts. How-
ever, varying the cross-link ratio of PDMS changes
the zero-frequency, rubbery modulus of the elas-
tomer, not the high-frequency glassy response. Ti-
wari et al.47 showed using DMA that while the
low-frequency elastomeric response changed with
base-to-cross-linker ratio as shown in Fig. 2, the
high frequency glassy Young’s modulus E(ω) was
the same for ratios of 10:1, 20:1, and 30:1, as would
be expected for this level of cross-linking.

The most puzzling aspect of these Tg(z) results
is the enormous 40 K change in local Tg occur-
ring within the PS domain for such a small change
in underlying PDMS modulus, varying only from
0.9–2.6 MPa. From existing literature studies we
know there are limitations over which we can ex-
trapolate the modulus-dependent data shown in
Fig. 3. As already mentioned, the PS/silica system
with GPa underlayer modulus reports T bulk

g .4,27,28

However, even at the opposite extreme of PS films
floating on top of liquid glycerol, the Tg(h) be-
havior has been reported to be identical to PS on
silica.56,57 If both extremely hard (GPa) and ex-
tremely soft (liquid) underlayers report no Tg per-
turbation from the underlying interface, how is it
that intermediate (MPa) underlayers cause such a
large shift in local Tg(z)? One immediate difference
is that both the PS/silica and PS/glycerol systems
have sharp interfaces with widths ∼0.5 nm only.
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We have already identified that the large Tg(z) pro-
files require a broad, well-interpenetrated interface.
However, this does not address why PDMS mod-
ulus values within the MPa range would be the
region to impart such large shifts in local Tg(z).
The pyrene dye identifies Tg on cooling as the
temperature at which the local polymer matrix
falls out of equilibrium as it passes from its rub-
bery plateau modulus (ER = 0.6 MPa for PS58)
through the glass transition to its glassy modulus
(EG = 3.2 GPa59), which might reasonably occur
when the PS modulus is of order a few to tens of
MPa, a value comparable to that of the underlying
PDMS. In an earlier publication,15 we introduced
the idea that perhaps the coupling of local mobil-
ity across interfaces behaves in a manner analogous
to impedance matching. In contrast to a sharp in-
terface that would cause reflection of density waves
(phonon modes), a sufficiently broad interface with
also some amount of similarity in the mechanical
properties on either side of the interface (e.g., den-
sity and modulus of the material that would im-
pact the velocity of such acoustic waves) would al-
low for transmission of such waves across the inter-
face changing the boundary conditions of phonon
mode propagation throughout the material. How
exactly such a change in phonon mode propaga-
tion translates into the measured local Tg(z) pro-
files is not quite clear at this point, but certainly
much has been said in the literature associating
phonon modes, so-called “soft spots”, and alpha
relaxations.60,61 Further work along these lines is
underway.
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Experimental Methods

High molecular weight pyrene-labeled polystyrene (PS-Py) with 1.4 mol% pyrene (Mw

= 672 kg/mol, Mw/Mn = 1.3) was synthesized using free radical copolymerization of styrene

with 1-pyrenylbutyl methacrylate at 50 ◦C for 24 h under a nitrogen environment using

azobisisobutyronitrile (AIBN) as initiator as described in Refs. 16,38. Unlabeled (neat)

polystyrene (PS) (Mw = 1920 kg/mol, Mw/Mn = 1.26) was purchased from Pressure Chem-

ical and used as received. The polydimethylsiloxane (PDMS) layers were made from Dow

Corning’s Sylgard 184 elastomer kit. Cross-linked PDMS of varying modulus was made by

mixing the base prepolymer with the curing agent at different ratios n:1 between 6:1 and

17:1 by weight. The mixture was stirred with a metal spatula for 30 s and then left to sit

for 30 min to remove air bubbles introduced during mixing. The PDMS mixture was then

poured into a mold formed between two glass microscope slides separated by an aluminum

foil spacer of thickness 200–215 µm with a rectangular opening of 1.5 cm × 4 cm. A Teflon

sheet was added between the top of the PDMS sample and the upper glass slide for ease of

opening the mold after the PDMS was cured. Binder clips were placed on all four sides to

secure the mold. Curing of the PDMS was done in an oven at 70 ◦C for 2 h to match the

curing conditions of Refs. 35,40. After curing, a scalpel was used to slice a 1.5 cm × 1.5 cm

square section of the PDMS layer and place it onto the quartz slide used for fluorescence

measurements. PDMS layer thicknesses ranged between 50 µm and 180 µm, as measured
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by a micrometer. Much thinner PDMS layers were also made by spin-coating the PDMS

mixture prior to curing resulting in thicknesses of only 2 µm, as measured by ellipsometry.

The local Tg(z = 50 nm) values within PS were the same for spin-coated PDMS underlayers

as for the mold cast PDMS, demonstrating that the measured Tg(z) profile is independent

of PDMS layer thickness within this range of 2–180 µm.

Figure S1. Schematic illustrating sample preparation steps. In the first an-
nealing step, the PS z-layer and PDMS underlayer are annealed at 140 ◦C for
1.5 h to ensure this dissimilar polymer-polymer interface is annealed to equi-
librium. The remaining PS-Py probe and bulk PS layers are then added, with
a final annealing step of 20 min at 120 ◦C done prior to the start of the fluo-
rescence measurements to consolidate all the layers into a single material with
no air gaps, while keeping the PS-Py probe layer localized at a position z from
the PS/PDMS interface.
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Figure S1 illustrates the individual layers and steps used to construct the multilayer

sample geometry used. PS and PS-Py layers were made by spin-coating films from toluene

solutions onto freshly-cleaved mica, varying spin speed and solution concentration to obtain

films of the desired thicknesses. All PS and PS-Py layers were annealed individually on mica

at 120 ◦C under vacuum for a minimum of 14 h to remove residual solvent and release any

stresses imparted during the spin-coating process. Multilayer samples were then assembled

by floating the individual films onto room temperature deionized water and capturing the

layers from below with the portion of the sample already assembled. Between each floating

step, the sample was allowed to thoroughly dry under an incandescent lamp. The top bulk

PS layers were made >500 nm thick to ensure that the PS-Py layer would be unaffected

by free surface effects. Annealing of the layers to create a consolidated sample with no

air gaps was done in two stages to ensure that equilibrium chain interpenetration across

the PS/PDMS interface was obtained, while minimizing interdiffusion of the PS-Py probe

layer.16,17 As shown in Fig. S1, the PS z- and PDMS layers were first annealed separately

at 140 ◦C for 1.5 h, prior to floating the PS-Py and bulk PS layers on top. A final annealing

step at 120 ◦C for 20 min was then done immediately prior to the start of the fluorescence

measurements.

Layer thicknesses were determined using a variable angle spectroscopic ellipsometer

with rotating compensator (J.A. Woollam M-2000). The amplitude ratio Ψ(λ) and phase

shift ∆(λ) of the ratio of p- to s-polarized light Fresnel reflection coefficients were measured

at three angles of incidence, 55◦, 60◦, and 65◦, for wavelengths λ spanning 400–1000 nm.

The film thickness h and wavelength-dependent index of refraction n(λ) of the polymer layer

were determined by fitting the Ψ(λ) and ∆(λ) data using Woollam’s WVASE software to

an optical layer model composed of a transparent Cauchy layer n(λ) = A + B
λ2

+ C
λ4

for the

polymer film, and a 2.0 nm native oxide layer atop a semi-infinite silicon substrate.39 For the

2 µm thick PDMS films, an additional thickness non-uniformity parameter, typically between

3% and 7%, was modeled in the CompleteEASE software. PDMS Cauchy parameter values
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obtained were A = 1.406, B = 0.00251 µm2, and C = 0.00016 µm4, in good agreement with

values reported in the literature [1].

Fluorescence measurements were done using a Photon Technology International Quan-

taMaster spectrofluorometer following the protocol outlined in Refs. 15–17. Samples were

placed in a Peltier-cooled Instec TS62 heat stage with dry nitrogen gas continuously flowed

through the chamber at 1.1 L/min to prevent condensation of moisture below room temper-

ature. The pyrene dye was excited at a wavelength of 330 nm using a xenon arc lamp with

an excitation band-pass of 5.5-6.0 nm and an emission band-pass of 5.0 nm. Fluorescence

measurements were initiated by heating the sample to the starting temperature, typically

120 ◦C, and equilibrating the sample for 20 min as the final annealing step. While cooling

the sample at 1 ◦C/min, the fluorescence intensity of pyrene was monitored at an emission

wavelength of 379 nm for 3 s every 27 s, as described previously.15 At the end of each mea-

surement run, the sample was reheated to the starting temperature to ensure that the same

emission intensity was obtain at 120 ◦C, verifying that photobleaching was negligible and

the sample had remained stable.

The Tg value for a given run was determined from the change in slope of the fluorescence

intensity I with temperature T by performing linear fits to the I(T ) data above and below

the transition, and then identifying the temperature at which the two linear fits intersected.

Figure S2 shows three such intensity vs. temperature curves for the 9:1 PDMS cross-link ratio

for samples with the pyrene-labeled layer placed at different distances from the PS/PDMS

interface: z = 33, 53, 146 nm. The data ranges for the linear fits were chosen to begin

at a minimum of 5 ◦C from the transition temperature and to include the largest amount

of data, while maximizing the R2 value for the fits. In Fig. S2, the measured Tg(z) values

systematically decreased with decreasing z as the PS/PDMS interface was approached, with

T bulk
g being recovered sufficiently far (z ≥ 100 nm) from the interface. As in our previous

fluorescence studies of the local Tg(z) as a function of position from an interface, only a single

Tg value was found for a given z value no matter how wide the temperature range inves-
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Figure S2. Temperature dependent fluorescence intensity measured for three
different PS/PDMS multilayer samples with the 9:1 PDMS cross-link ratio
where the pyrene-labeled layer was placed at varying distances z from the
PS/PDMS interface resulting in local Tg(z) values measured within the PS do-

main of Tg(z = 146 nm) = 99 ◦C (equivalent to T bulk
g ), Tg(z = 53 nm) = 81 ◦C,

and Tg(z = 33 nm) = 68 ◦C.

tigated.16,17,26,27 As initially demonstrated by Ellison and Torkelson,4 the change in pyrene

fluorescence intensity with temperature is sensitive to the stiffness (thermal expansion) of

the surrounding polymer matrix, where the Tg values measured by fluorescence for polymer

films of a given thickness h are in excellent agreement with Tg(h) values measured by ellip-

sometry, as well as onset Tg values measured by differential scanning calorimetry (DSC) for

thick (bulk) films.43 The bulk glass transition temperature T bulk
g = 101.5 ± 2.0 ◦C shown

as horizontal dotted lines in Figs. 3 and 4 were determined from the average of local Tg(z)

values with z ≥ 100 nm.

From our 2017 study on weakly immiscible polymers,17 we learned that the broad

Tg(z) profile showing dynamical coupling across dissimilar polymer domains only develops

upon annealing of the dissimilar polymer-polymer interface to equilibrium. To determine the

annealing conditions necessary to obtain an equilibrium PS/PDMS interface, measurements
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Figure S3. Local Tg(z = 50 nm) − T bulk
g as a function of annealing time at

140 ◦C of the PS/PDMS interface (first annealing stage). Solid blue circles are
for samples made with 9:1 PDMS, while the solid red triangles are for samples
made with 6:1 PDMS. The dashed curve is an exponential decay fit to the 9:1
data. The Tg(z = 50 nm) value stabilizes after 60–90 min of annealing as the
PS/PDMS interface reaches equilibrium.

of the local Tg(z = 50 nm) were done on samples where the annealing time of the first

annealing step at 140 ◦C (see Fig. S1) was increased from 20 to 210 min. Figure S3 shows

how the local Tg(z = 50 nm), relative to T bulk
g , decreases upon annealing of the PS/PDMS

interface, stabilizing after 60–90 min as the PS/PDMS interface reaches equilibrium. Data

shown are for samples made with either 9:1 or 6:1 PDMS cross-linking ratios. From these

results we concluded that 90 min of annealing at 140 ◦C during the first annealing step of the

sample assembly process shown in Fig. S1 is sufficient and necessary to obtain reproducible

and reliable Tg(z) values for the PS/PDMS samples.

We estimate the equilibrium interfacial width wI attained between PS and PDMS an-

nealed at 140 ◦C based on values of the interaction parameter χ from the literature evaluated

at 140 ◦C. From values tabulated by Eitouni and Balsara in Mark’s Physical Properties of
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Polymers Handbook,53

χ(T ) = A+
B

T
(S1)

for PS/PDMS with A = 0.031 and B = 58 K based on measurements from 165–225 ◦C of the

order-disorder-transition temperature (TODT) for block copolymers by Ref. [2], where values

have been adjusted by Eitouni and Balsara to account for a common reference volume. Based

on eq. S1 with a minor temperature extrapolation, χ(T ) = 0.17 at 140 ◦C. The interfacial

width wI for two high molecular weight polymers with similar statistical segment lengths b

and densities is given by [3]

wI =
2b√
6χ
, (S2)

for a composition profile

φ(z) =
1

2

[
1 + tanh

(
2z

wI

)]
. (S3)

Taking the average of the statistical segment lengths for PS and PDMS,58 bPS = 0.67 nm

and bPDMS = 0.58 nm, eq. S2 gives wI = 1.24 nm. Such calculations of interfacial widths

based on χ parameters often provide underestimates of wI compared with experimentally

measured values because real polymer-polymer interfaces are also broadened by interface

roughening associated with capillary waves [3]. We note that the light cross-linking of the

PDMS elastomer may also result in minor differences to the interfacial width. Based on

these considerations, we estimate the PS/PDMS interfacial width as wI ≈ 1.5 nm.

To ensure that our Tg(z) results were not influenced by any unreacted PDMS material

migrating from the PDMS to the PS domain, we also performed Tg(z) measurements for

samples where the PDMS layers underwent a washing procedure of soaking the PDMS in

good solvent to remove unreacted material.44,51,52 PDMS strips with masses between 5–10

mg and thicknesses between 50–200 µm were soaked for 24 h in 200 mL of toluene, a good

solvent for PDMS. The strips were then degassed and reweighed to determine the mass lost,

where we also verified that further washing did not result in additional mass loss. The

resulting gel fraction, corresponding to the amount of polymer participating in the network,
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Figure S4. Gel fraction
mpost

mpre
determined from measurements of the mass

lost after Sylgard 184 PDMS was soaked in toluene, a good solvent, for 24 h.
Data from Ref. 52 using Soxhlet extraction are also shown. Good agreement is
observed with mass losses of 2%–10% for the base:cross-linker range of 6:1–17:1
used in this study.

was determined from the ratio of the mass measured post- and pre-soaking mpost

mpre
[4]. In

Figure S4 we plot our measured gel fraction values together with those from Melillo,52 where

the removal of unreacted material from Sylgard 184 PDMS was done via Soxhlet extraction

with toluene over 24 h on PDMS that had been cured at 70 ◦C for 24 h. Our measured gel

fractions ranged from 0.90 to 0.98 for PDMS made with ratios of 17:1, 9:1, and 6:1, in good

agreement with those from Ref. 52. Using dynamic mechanical analysis (DMA), Melillo

reported no change in the storage and loss moduli between the pre- and post-extracted

PDMS for the base:cross-linker range of 6:1–17:1 used in our study.52 As shown in Figures 3

and 4 denoted with X-symbols, the measured Tg(z) values were the same for samples where

the PDMS had been soaked in good solvent to remove unreacted material.
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