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The nature of the glass transition is considered a major intellectual
challenge in condensed-matter physics1–3. Since the discovery a
decade ago of the deviation from bulk values of the glass-transition

temperature (Tg) due to nanoconfinement4–6, there has been intense
interest in characterizing and understanding the impact of
nanoconfinement in modifying the Tg of low-molecular-weight and
polymeric glass formers. This interest has included attempts to make a
quantitative connection between the length scale of an average
cooperatively rearranging region (CRR), and the length scale at which
nanoconfinement effects are observed7. In the picture of Adam and
Gibbs8, local relaxation occurs in a CRR by collective motion of many
small molecules or polymer segments. The accepted size of a CRR near
Tg ranges9,10 from 1 to 4 nm.However,the length scale at which confined
glass formers deviate from bulk Tg is typically larger than the size of a
CRR. For low-molecular-weight glass formers, this length scale ranges
from several nanometres to several tens of nanometres4,11–14.
For polymers, it ranges from tens of nanometres (<100 nm) in the
absence of attractive substrate interactions6,7,14–19 to values exceeding
100 nm in the presence of strongly attractive substrate interactions16.

Despite the many scientific studies7,15 devoted to the modification of
glass-transition dynamics by nanoconfinement, and the many
models7,15–17,19–25 that have been constructed to fit or explain
experimental data, a fundamental understanding of the origin of this
nanoconfinement effect has not yet been realized.In a recent note on the
impact of thickness on Tg values in thin polymer films, de Gennes21

stated “future experiments should aim not at the determination of a
single Tg,but at a distribution of Tgs.”An accompanying commentary by
Jones26 stated, “The picture of a local glass transition that effectively
depends on the depth from the surface needs to be tested directly,rather
than inferred from the global behaviour of thin films. This is a
formidably difficult requirement, but the potential rewards, both in
terms of an improved understanding of the nature of the glass
transition, and in a better understanding of practically important
properties of glassy polymers … are substantial.”Here we report the first
determination of the distribution of Tgs within thin and ultrathin
polymer films through fluorescence, allowing characterization of Tg

within surface, interior and substrate layers of known thickness.

Despite the decade-long study of the effect of

nanoconfinement on the glass-transition temperature (Tg) 

of amorphous materials, the quest to probe the distribution

of Tgs in nanoconfined glass formers has remained

unfulfilled. Here the distribution of Tgs across polystyrene

films has been obtained by a fluorescence/multilayer

method, revealing that the enhancement of dynamics 

at a surface affects Tg several tens of nanometres into the

film. The extent to which dynamics smoothly transition 

from enhanced to bulk states depends strongly on

nanoconfinement. When polymer films are sufficiently thin

that a reduction in thickness leads to a reduction in overall Tg,

the surface-layer Tg actually increases with a reduction in

overall thickness, whereas the substrate-layer Tg decreases.

These results indicate that the gradient in Tg dynamics is not

abrupt, and that the size of a cooperatively rearranging

region is much smaller than the distance over which

interfacial effects propagate.
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The decision to pursue the characterization ofthe distribution ofTgs in
nanoconfined polymer films as opposed to low-molecular-weight glass
formers is due to several factors. First, polymer films dominate Tg-
nanoconfinement studies because the confining dimension (film
thickness) is easily tuned by spin-coating27.Thickness-dependent Tgs have
been measured by ellipsometry6,15, X-ray reflectivity16, dielectric
spectroscopy17, Brillouin scattering18 and other methods19,28–32. The most
commonly studied system is polystyrene (PS) supported on silicon or silica
substrates, and recent reviews7,15 have found considerable agreement
among the many studies of this system,supporting the empirical relation6:

Tg(h) = Tg(bulk)[1 – (A/h)δ] (1)

where h is film thickness, A is a characteristic length (3.2 nm), δ = 1.8,
and Tg(bulk) = 374 K.

Second, various models7,15–17,19–25 have addressed the Tg depression
of nanoconfined polymer films, with many being two- or three-layer
models.In simple two-layer models,the free-surface layer has enhanced
mobility and reduced Tg relative to the rest of the film that is assumed to
exhibit bulk Tg

7,15,17,23. In three-layer models, a substrate–interface layer
is added to the two-layer model.This third layer may be considered to be
“dead”19,exhibiting no Tg over the temperature range of interest,or may
have an elevated Tg relative to bulk Tg

23, the latter of which may apply to
films that exhibit attractive interactions with the substrate.Such models
can be used to fit data, with two- and three-layer models describing
systems with Tgs that decrease monotonically with decreasing overall
thickness; three-layer models that incorporate an elevated Tg near the
substrate can even describe systems that exhibit an initial reduction in Tg

with decreasing overall thickness followed,at some critical thickness,by
an increase in Tg with a yet further decrease in thickness23. However,
although such models can fit data, they do not afford a fully critical
examination of the impact of nanoconfinement on Tg. The
combination of substantial experimental agreement for the Tg

depression in nanoconfined, supported PS films, and the existence of
basic multilayer models attempting to explain these results, allow for
straightforward comparison with results obtained on the distribution
of Tgs through fluorescence measurements using multilayer PS films.
Finally, it is important to note that parallel experiments that probe the
distribution of Tgs in well-defined regions in confined low-molecular-
weight glass formers would not be possible.(An implanted ion mobility
method has been reported33 that probes the distribution of viscosities in
well-defined regions of confined low-molecular-weight glass formers.
However,this method probes viscosity within a few orders of magnitude
of 105 poise, characteristic of temperatures substantially above Tg.)
Despite this fact, the results presented here are expected to have general
applicability to all confined glass formers.

Ensemble and single-molecule fluorescence have been used to study
Tg-related issues in single-layer polymer films31,32,34,35. With ensemble
fluorescence31,32, Tg is identified by a shift in the temperature (T)
dependence (measured on cooling) of the fluorescence of pyrene that is
doped into or covalently attached (labelled) to the polymer at trace
levels.Pyrene is well suited as a chromophore in nanoconfined PS due to
its high extinction coefficient and fluorescence quantum yield.
Figure 1a shows the T-dependence of the fluorescence of pyrene-
labelled PS where pyrene is incorporated into PS by polymerizing
styrene with low levels of 1-pyrenyl butyl methacrylate,yielding PS with
0.59 mol% pyrenyl butyl methacrylate (Mn = 440 kg mol–1;
Mw/Mn = 1.73).The Tg, identified by the intersection of linear fits to the
liquid- and glassy-state T-dependences, decreases from 370 K to 346 K
as thickness is reduced from 545 nm to 17 nm. There is also a reduced
difference between the liquid- and glassy-state slopes in the ultrathin
film indicating a reduction in the strength of the glass transition upon
nanoconfinement,behaviour also seen in ref.15.

Figure 1b shows that the thickness dependences of Tg – Tg(bulk)
obtained by fluorescence of pyrene-labelled and pyrene-doped
(< 0.2 wt% dopant) PS films are essentially identical and agree with
previous results6. For pyrene-labelled PS, Tg(bulk) by fluorescence is
371 K, in agreement with Tg by differential scanning calorimetry
(DSC) (T(onset) = 369 K, Tg(1/2∆Cp) = 372 K, where Cp is the specific
heat capacity). This indicates that fluorescence of pyrene-doped or 
-labelled PS provides meaningful characterization of Tg,and that there
is no substantial partitioning of pyrene to the substrate or free surface.

Why is pyrene fluorescence sensitive to polymer Tg? Pyrene
fluorescence does not provide sensitivity to the α-relaxation
(cooperative segmental mobility, the relaxation associated with Tg) due
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Figure 1 Tg of single-layer PS films identified by fluorescence using pyrene as
dopant or label. a,Temperature dependence of fluorescence for pyrene-labelled PS
single-layer films:545-nm thick (squares) and 17-nm thick (diamonds). Intensities are
normalized to 373 K and arbitrarily shifted vertically for clarity. a.u.= arbitrary units.
b,Thickness dependence of Tg to pyrene-doped (circles) and pyrene-labelled (triangles)
PS films.The bold curve is a least-squares fit of equation (1) for pyrene-doped data
(A = 4.3,δ = 2.0,Tg(bulk) = 373 K) reported previously in ref.31; the thin curve is a
reproduction of the fit reported by Keddie et al.6 in their ellipsometry study of PS Tg-
nanoconfinement effects (A = 3.2,δ = 1.8,Tg(bulk) = 374 K).Tg(bulk) = 371 K for 
pyrene-labelled PS.The inset shows the structure of 1-pyrenyl butyl methacrylate used
for labelling PS.
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to the large mismatch between the chromophore excited-state lifetime
(~200 ns, ref. 36) and the average α-relaxation time at Tg (~100 s,
ref. 37).Instead,the T-dependence of the fluorescence of pyrene-doped
or -labelled PS may be understood as follows: Fluorescence from the
excited state of pyrene is in competition with non-radiative decay
occurring by vibrational and other modes. The rate of non-radiative
decay increases with increasing temperature, leading to a decrease in
fluorescence. Superimposed on this is sensitivity to local density of the
nanoscale environment surrounding the chromophore, with a slightly
denser environment accommodating less non-radiative decay, leading
to higher intensity. The shift in the T-dependence of intensity at Tg is
thus a result of the shift in the T-dependence of sample density.

Fluorescence of labelled PS confined within a film of known
thickness has been exploited to measure Tg at specific locations within
multilayer PS films. These films contain a single, labelled layer and one
or two unlabelled PS layers (Mn ~ 400 kg mol–1). By heating the layered
films for short time periods above Tg, the layers fuse, producing a
continuous film with label only at particular depths within the film.
The effectiveness of the multilayer fusion is proven by comparison of the
Tg values of a single 14-nm-thick labelled PS film on a glass substrate and
a 14-nm-thick labelled PS film sandwiched between two 270-nm-thick
unlabelled PS films. The single 14-nm-thick film has a Tg that is 37 K
below bulk Tg, whereas the 14-nm-thick layer in the fused, three-layer
sandwich exhibits bulk Tg.

The labelled and unlabelled PS chains are of sufficiently high
molecular weight to ensure that the labelled PS diffuses,at most, several
nanometres during measurement. The expected interpenetration
distance of these layers may be estimated based on secondary ion mass
spectroscopy (SIMS) data38. For the materials and conditions used in
this study (that is, annealing at 403 K for 10 min before taking
fluorescence measurements), the average repeat-unit interpenetration
depth (X(t) where t is the annealing or diffusion time) is much less than
the radius of gyration (Rg) (Rg ~ 17 nm for PS of Mn = 400 kg mol–1 used
in this study), and therefore the diffusion time is less than the reptation
time38. Under these conditions X(t) follows the scaling relationship38

X(t) ~t (1/4)M(–1/4). Using SIMS interlayer diffusion data for 591 kg mol–1

PS and 693 kg mol–1 deuterated PS annealed at 418 K and 90 min

(X(t) = 14.0 nm for this case)38, it can be estimated that for this
fluorescence study using PS layers with Mn ~ 400 kg mol–1 at 418 K for
10 min would yield an expected X(t) of 6 nm. This is an upper bound 
for the expected interlayer penetration of this study, as the annealing
temperatures used in this fluorescence study are 15 K less than those
used for estimation. In addition, both in-plane39 and out-of-plane40

polymer diffusion have been reported to be reduced relative to that of
bulk systems even in films as thick as 100 nm (ref. 40), reiterating that
these estimated values are upper limits. Thus, fluorescence can provide
the first determination of the distribution of Tgs at well-defined
locations across thin polymer films.

Using this novel approach, data were obtained showing how Tg

varies as a function of thickness of the free-surface layer of a supported,
bulk PS film. PS films of known thickness were floated onto the surface
of 270-nm-thick unlabelled PS films supported on glass. The overall
film was sufficiently thick to exhibit bulk Tg. Figure 2 shows that a 
14-nm-thick free-surface layer yields Tg – Tg(bulk) = ~ –32 K.
Examining yet thicker surface layers shows that Tg varies smoothly with
surface-layer thickness, with this layer exhibiting bulk Tg when its
thickness exceeds a value in the range of 40–70 nm.PS surface-layer Tgs
have reportedly been measured with thicknesses similar to those in
Fig. 2; using Doppler broadening energy spectra of positron
annihilation, Jean et al.41 found that Tg – Tg(bulk) = –19 K for a surface
layer that can be interpreted to have a 22-nm “mean penetration depth”.
The substantially reduced Tg in the surface layer is also qualitatively
consistent with recent studies30,42,43, indicating that the segmental
mobility near the surface of a PS film is significantly faster than in bulk
PS,but in disagreement with the conclusion reached in an earlier study44

that the polymer segmental mobility at a free surface and in the bulk are
not significantly different.

According to Fig. 2,the Tg of a 14-nm-thick labelled surface layer on
a bulk film is ~5 K higher than the Tg of a 14-nm-thick single-layer film
(see Fig. 1b). This indicates that having layers with bulk dynamics
underneath the surface layer can slow the dynamics and lead to a higher
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Figure 2 Tg – Tg(bulk) identified by fluorescence for pyrene-labelled PS free-
surface layers of variable thickness placed on top of constant bulk-like (~270 nm)
unlabelled PS underlayers.
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Figure 3 Tg identified by fluorescence for 14-nm-thick pyrene-labelled PS free-
surface layers (diamonds) as a function of total film thickness where the
underlayer thickness is varied.The solid curve is the fit of equation (1) to the thickness
dependence of single-layer pyrene-doped PS data in Fig. 1b. In addition, two replicate
single-layer Tgs for 14-nm-thick labelled PS films (squares) are shown for reference.
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surface-layer Tg relative to that of a single-layer film of thickness identical
to the surface layer. It is also noteworthy that a broadened Tg (that is, an
increasing range of temperature over which the T-dependence of
fluorescence intensity deviates from the linear rubbery- and glassy-state
T-dependences) is observed with decreasing thickness of the free-
surface layer. In bulk films, free-surface layers of 69 nm, 35 nm and
14 nm thickness exhibit Tg breadths of 15–20 K, 20–25 K and 40–45 K,
respectively. The increasing breadth in Tg with decreasing free-surface
layer thickness indicates that the strongest gradient in Tg is nearest the
free surface.

Studies were also done on two-layer films with ultrathin, labelled
PS films as the substrate layer and a 270-nm-thick unlabelled PS cover
layer. Within error, the substrate layer Tg is equal to bulk Tg down to

substrate-layer thicknesses of 12nm.The details of how the thickness of
the underlayer to a 14-nm-thick free-surface layer affects the Tg of the
surface layer are shown in Fig. 3.When the total film thickness exceeds
60 nm, the surface layer exhibits a Tg that is 32 K below bulk Tg.
However,as total film thickness decreases below 60nm and approaches
25nm,there is a sharp rise in the surface layer Tg.For total film thickness
below 25 nm, the 14-nm-thick surface layer exhibits a Tg value that is
within error identical to that of the average Tg across the whole film.
These results show that between certain total thicknesses (25–60 nm)
the mobile surface layer becomes less mobile with decreasing film
thickness and decreasing average Tg across the whole film. At a total
thickness below 25 nm,it is impossible to distinguish through Tg values
a mobile 14-nm-thick surface layer from the remainder of the film.

The results above disallow the premises associated with simple
two- and three-layer models that do not account for a smooth
gradient in cooperative dynamics across a film thickness, or for the
dependence of surface- and substrate-layer cooperative dynamics on
the extent of nanoconfinement. Instead, to understand the impact of
nanoconfinement on Tg, Fig. 3 indicates that one must appreciate
that the average cooperative dynamics associated with Tg at a
particular film depth are impacted by the average cooperativity
present in layers several tens of nanometres away from the layer of
interest. That is, the most important length scale is not the size
defining an average CRR but rather is the distance over which a
perturbation in cooperative dynamics at one location, for example,
the free-surface layer, affects the dynamics elsewhere in the film.
Thus, if on average the cooperative dynamics in a layer are perturbed
to be substantially enhanced relative to bulk (as at a free surface),
then, on average, adjoining layers must also have their dynamics
perturbed, albeit to a lesser extent.

This picture is consistent with simulations45 and experiments46 on
colloidal glass formersindicating that regions of very fast dynamics are
clustered such that a fast moving particle is unlikely to be adjacent to
particles with very slow dynamics.That is,glass formers do not normally
have abrupt, local spatial transitions from very fast dynamics to very
slow dynamics. Indirect experimental support for this picture is also
provided by X-ray reflectivity studies47 of ultrathin (<10 nm thick)
liquid films of nearly spherical, non-polar molecules that reveal a
gradient in local density, which should be related to local dynamics24,
over a number molecular layers near an interface. This picture is also
consistent with single-molecule fluorescence and dielectric-noise
studies35,48 that yield estimates of the minimum length scale (>40 nm,
ref. 48, possibly ~100 nm, ref. 35) that contains the full breadth of the
distribution of cooperative relaxation dynamics in polymers near Tg.
If this length scale is at least several tens of nanometres, it may be
speculated that a substantial perturbation to average cooperative
dynamics at a film surface could perturb average cooperative dynamics
at a film depth of similar length,leading to Tg-nanoconfinement effects.
Further study is warranted of the possible connection between the
length scale encompassing the full breadth of the distribution of
cooperative relaxation dynamics in bulk glass formers and the length
scale at which Tg-nanoconfinement effects become evident.

Determination of the length scale over which a perturbation of
average cooperative dynamics at a surface can modify dynamics
within a film was made using three-layer films (total thickness
>290 nm),with a 14-nm-thick,pyrene-labelled PS middle layer.With a
7- to 9-nm-thick cover layer of unlabelled PS, the middle-layer Tg is
depressed by 7 K relative to bulk.With a 12- to 15-nm-thick cover layer
of unlabelled PS, the middle-layer Tg is depressed by 3 K relative to
bulk, meaning that a reduction in Tg relative to bulk can be quantified
at layer depths up to ~ 30 nm from the film surface. When the cover
layer exceeds a thickness in the range of 18–30 nm (maximum middle-
layer depth range of 32–44 nm),within error the middle layer exhibits
bulk Tg. Thus, as with the surface layer study in Fig. 2, a 14-nm-thick
middle layer in a bulk three-layer film shows a smooth variation in Tg
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Figure 4 Tg identified by fluorescence for a three-layer PS film (each layer 12-nm
thick,only one pyrene-labelled layer). a,Temperature dependence of fluorescence
intensity of the substrate layer (triangles),middle layer (circles) and free-surface layer
(diamonds).All data have been normalized to 373 K and arbitrarily shifted vertically for
clarity.b, Normalized sum of the temperature dependences of fluorescence intensity for all
three (substrate,middle and free-surface) 12-nm-thick layers.
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as it is located deeper into the film, exhibiting bulk Tg only at a depth
exceeding a few tens of nanometres.

Two other questions can be addressed with multilayer films.First, is
it logical that the apparent Tg of an ultrathin PS film can yield a single,
definable Tg when the surface layer exhibits a Tg substantially different
from portions of the film closer to the substrate? Second,when the films
are below a critical thickness, such that the length scale required to
achieve a smooth transition from a highly mobile, free-surface layer to a
bulk-like layer near the substrate exceeds that of the total film, how will
the surface and substrate layers be impacted? These questions are
answered by multilayer film studies (12-nm-thick layers, one labelled
layer per film). Figure 4 shows the T-dependences of fluorescence
obtained from the free-surface,middle and substrate-interface layers in
a three-layer film as well as the sum of the intensities from all three layers,
the latter yielding the total film Tg. The surface, middle and substrate
layers have Tg depressions relative to bulk of 14 K, 5 K and 3 K,
respectively. (Note that the free-surface layer in Fig. 4a has a broadened
Tg with a breadth of approximately 40–45 K, in reasonable agreement

with the breadth of the 14-nm-thick free-surface layers of Fig. 2.) 
When the three layer intensities are summed, Tg – Tg(bulk) = –5 K,
within 1 K of that obtained for a 36-nm-thick, single-layer film (see
Fig. 1b). Thus, in films as thin as 36 nm where there is a substantial
reduction in the Tg of the overall film from bulk, the surface layer (one
third of the total thickness) can have a Tg depressed by 9 K or more
relative to the rest of the film,whereas the overall Tg is close to those of the
non-surface layers. In contrast, with a two-layer, 24-nm-thick film,
the overall film is so thin that both 12-nm-thick layers are constrained to
have identical Tg –Tg(bulk) values (–11K) in reasonable agreement with
that of a single 24-nm-thick film (see Fig. 1b).

Relative to thicker films exhibiting bulk Tg, there is a significant
narrowing of the range of Tgs obtained in the layers of the 36-nm-thick,
three-layer film; the surface layer exhibits a Tg that is ~18 K higher than
when a surface layer of similar thickness is on a bulk film, and the
substrate layer exhibits a Tg that is 3 K lower than when a similar layer is
part of a bulk film. (A summary of these results is given in Fig. 5.) 
Thus, a total thickness exceeding 36 nm is required for a smooth
transition from highly enhanced, average cooperative dynamics on a
surface layer of a bulk PS film to bulk dynamics. If the total thickness is
below a critical value (Fig. 3 suggests ~60 nm), the dynamics adjust to
satisfy the constraint that the gradient in average cooperative dynamics
from surface to substrate is not too sharp and abrupt. When the total
thickness is below a second critical value, seen from Fig. 3 to be 25 nm
when using a 14-nm-thick labelled layer, within error there is one Tg

regardless of layer location. Below 25 nm, there is an insufficient length
scale to accommodate a substantial, smooth gradient in average
cooperative dynamics from surface to substrate.

In summary, this is the first report of the determination of the
distribution of Tgs in nanoconfined polymers. With a supported PS
film, the distance over which a diminishing level of enhanced mobility
extends into the film from the surface is several tens of nanometres,and
the extent to which the surface-layer mobility is enhanced relative to the
rest of the film depends strongly on the level of nanoconfinement of the
whole film.This indicates that the most important length scale defining
the Tg-nanoconfinement effect is the distance over which a perturbation
in average cooperative dynamics at one location, for example, the
surface, affects the cooperative dynamics elsewhere in the polymer.
Studies to establish a relationship between this length scale and the
length scale of an average CRR are underway.

METHODS

MATERIALS SYNTHESIS AND CHARACTERIZATION
Pyrene-labelled methacrylate monomer was synthesized by esterification of methacryloyl chloride

(Aldrich) and 1-pyrenyl butanol (Aldrich). Polymerization of labelled and unlabelled polystyrene (PS)

was initiated with benzoyl peroxide (Aldrich) in test tubes immersed in a water bath at 75 οC in an air

atmosphere. All polymers were thoroughly washed by dissolving in toluene and precipitating in

methanol at least five times to remove any residual monomer, and placed in a vacuum oven at 105 οC for

3 days before use. Labelled PS was synthesized by addition of 0.67 mol% labelled methacrylate

monomer to styrene producing a polymer where approximately 1 in 170 units (0.59 mol%) are a

labelled methacrylate (by UV-VIS absorbance, Perkin Elmer Lambda 35) and effective labelling was

verified through fluorescence-detection gel permeation chromatography (GPC, Waters Breeze).

Molecular weight distributions were characterized by GPC using PS standards and refractive index,

absorbance and fluorescence detection. The calorimetric Tg was determined by DSC (Mettler Toledo

DSC822e) reported as the onset temperature or 1/2∆Cp on second heat at a heating rate of 10 K min–1.

The labelled PS used in this study had Mn = 440 kg mol–1 and Mw = 760 kg mol–1 (bulk DSC

Tg(onset) = 369 K, Tg (1/2∆Cp) = 372 K), and the unlabelled PS used in multilayer film studies was either

synthesized having Mn = 419 kg mol–1 and PDI = 1.73, where PDI =Mw/Mn (bulk DSC Tg(onset)= 369 K,

Tg(1/2∆Cp) = 372 K) or purchased (Pressure Chemical) having a nominal Mn = 400 kg mol–1 and

PDI = 1.06 (bulk DSC Tg(onset) = 374 K, Tg(1/2∆Cp) = 378 K). PS used in pyrene-doped film studies

was used as received from Pressure Chemical (Mn = 263 kg mol–1, PDI = 1.10 measured by GPC, bulk

DSC Tg(onset) = 373 K).

PRODUCTION OF SINGLE-LAYER AND MULTILAYER FILMS
PS films were spin-coated onto NaCl infrared crystal windows (Aldrich) or glass substrates from

solutions of toluene where the thickness was varied by changing solution concentration and spin speed.

Films were transferred to a glass substrate or placed on top of another polymer film (when forming

multilayer films) by floating them from the salt disk in a large water reservoir. Film thickness was verified

by spin-coating a second film at the same time from the same solution (in addition to the film spin-

coated on the salt disk) onto a glass substrate and measuring its thickness by profilometry (Tencor P10).
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Figure 5 Summary of Tg – Tg(bulk) for single pyrene-labelled PS layers inserted at
specific locations in unlabelled PS films. Tg –Tg for single 12-nm-thick labelled layers
in a, bilayer films (24 nm in total thickness) with the labelled layer at either the substrate
or the free surface,or b, trilayer films (36 nm in total thickness) with the labelled layer at
the substrate,middle or free surface.Tg –Tg(bulk) for c, a 14-nm-thick labelled free-
surface layer with a ~270 nm neat PS underlayer,d, a 12-nm-thick labelled substrate
layer with a ~270 nm neat PS overlayer and e, a 14-nm-thick labelled middle layer with
~270 nm neat PS layers on each side.
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Calibration of the profilometer was verified using a 14-nm step-height standard (VLSI Standards).

Vertical instrument resolution was set to 2 Å as reported by the manufacturer. At least ten measurements

of the film thickness were made (more than ten measurements were made for films < ~15 nm) near the

centre of the film and averaged (average value is reported in the main text) with the typical standard

deviation in these measurements being less than 1.5 nm for films thicker than ~20 nm and less than

1.0 nm for films thinner than ~20 nm. Multilayer films were made by spin-coating individual layers onto

different salt disks and sequentially floating them onto the substrate or underlying polymer layers. In

between the placement of each layer, excess water was allowed to evaporate under ambient conditions

before the next layer was added. On completion, all films were placed in a vacuum oven at room

temperature for at least 12 h prior to measurement.

MEASUREMENT OF Tg USING A FLUORESCENCE TECHNIQUE
The Tg was identified by the intersection of linear fits to the rubbery- and glassy-state temperature

dependences of the fluorescence emission intensity. Fluorescence was measured with a SPEX Fluorog-2

DM1B fluorimeter. The chromophore pyrene, either as label (all Figs) or dopant (part of Fig. 1b), was

used as the fluorescence sensor of Tg in all cases discussed. Pyrene was labelled or doped (dopant content

<0.2 wt%) at sufficiently low content such that the Tg of identical neat or unlabelled PS was within ~1 K

of that containing pyrene. Fluorescence measurements were taken on a Spex Fluorolog-2 DM1B

fluorimeter in the front-face geometry with 2.5-mm excitation and emission slits (bandpass = 4.5 nm).

For the case of pyrene doped into PS, the excitation wavelength was set to 322 nm, and the emission

intensity was monitored at 374, 384 and 395 nm; for pyrene-labelled PS, the excitation wavelength 

was set to 340 nm, and the emission intensity was monitored at 378 nm and 398 nm. All Tg measurements

represent an average of the intersection of the linear fits (only data points well outside Tg were used for

the linear fits and typical correlations (R2) are better than 0.990) at all emission wavelengths above.

The standard deviation in the identified Tg was typically less than 1.0 K.

The temperature of the film was adjusted with a temperature controller and a flat ribbon heater

(Minco Products) mounted on a thin aluminium plate. The glass slide containing the PS film was held

on the aluminium plate by a quartz cover slide placed on top of the films and a light clamping device.

It is important to note that the film was only supported on one side during the measurement and that

the film did not adhere to the cover quartz, indicating the film was in intimate contact only with the

substrate on which it was originally placed. Fluorescence measurements of single-layer films were taken

by first annealing the film at a minimum of Tg + 20 K for 10 min and taking an emission intensity

measurement at 5 K decrements (measurements are taken on cooling from the rubbery state), allowing

5 min at each temperature setting for thermal equilibrium to be achieved. Multilayer films were

annealed at 403 K for 10 min before taking a measurement at that temperature, and then taking an

emission intensity measurement at 5 K decrements (measurements are taken on cooling from the

rubbery state), allowing 5 min for equilibration at each temperature setting. Additional aspects of this

technique are reported elsewhere31,32.
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