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ABSTRACT

Fluorescence correlation spectroscopy was used to show that the temperature-dependent diffusion coefficient of poly(ethylene oxide)
(PEO) adsorbed on polystyrene and different poly(alkyl methacrylate) (PAMA) films in aqueous solution exhibited a maximum close
to (but below) the surface glass transition temperature, Tgs, of the film. This elevated diffusion was observed over a small range of
temperatures below Tgs for these surfaces, and at other temperatures, the diffusion was similar to that on silicon, although the diffu-
sion coefficient for PEO on polystyrene at temperatures above Tgs did not completely decrease to that on silicon, in contrast to the
PAMA surfaces. It is concluded that the enhanced surface mobility of the films near the surface glass transition temperature induces
conformational changes in the adsorbed PEO. The origin of this narrow and dramatic increase in diffusion coefficient is not clear,
but it is proposed that it is caused by a coupling of a dominant capillary mode in the liquid surface layer with the polymer. Friction
force microscopy experiments also demonstrate an unexpected increase in friction at the same temperature as the increase in diffusion
coefficient.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0051351., s

I. INTRODUCTION

Molecular theory underpinning the physics of the glass tran-
sition in polymers is still lacking, but the dramatic effect of
confinement on the glass transition has been known for some
time to play a key role.1–4 The original experiments on thin
films of polystyrene5 and, shortly after, poly(methyl methacrylate)
(PMMA)6 demonstrated that there was a significant reduction in
the glass transition temperature (Tg) with film thickness, but could
provide only an empirical description of their behavior. Despite the
difficulties that traditional semi-empirical free volume theories have

experienced, the concept of free volume as a means to explain the
glass transition of confined polymer films has remained remarkably
robust.3,4,7,8

An important early question was related to whether confine-
ment or the free surface of the film was responsible for the depressed
glass transition. Early experiments on dewetting were explained by
arguing that thinner films were less dense than in the bulk, and con-
sequently, the effective glass transition temperature was reduced.9

These arguments contradicted a popular idea that chain conforma-
tions were unperturbed by a surface,10,11 but it has subsequently
been accepted that polymers near the surface of a film do not have

J. Chem. Phys. 154, 164902 (2021); doi: 10.1063/5.0051351 154, 164902-1

Published under license by AIP Publishing



The Journal
of Chemical Physics

ARTICLE scitation.org/journal/jcp

the same conformation as those deeper into the film.12–14 Later,
experiments were able to identify that the glass transition increased
with distance from the surface of the film,15 although this effect
was strongly dependent upon the chemical nature of the polymer
beneath the surface layer.16 It has since been argued that a discrete
liquid surface layer occurs below the bulk Tg for both entangled and
unentangled films.17

On the one hand, the surface presents itself as an interface
to a semi-infinite reservoir of free volume,18 which aids relax-
ation of the chains, but on the other hand, the surface perturbs
the film itself, increasing the segmental mobility in its vicinity.19

The surface therefore plays a profound role in the depressed glass
transition of polymer films. The glass transition in a fluid envi-
ronment is less understood, although work on polystyrene films
and nanoparticles suggests that an aqueous interface with the film
does not noticeably change the depression in the glass transition
temperature.20

The lateral diffusion of polymers on surfaces is an ideal means
of testing for changes in the behavior of that surface because it
strongly depends on the nature of the adsorption.21 A polymer
that is fully adsorbed in a “pancake” configuration22 on the sur-
face is constrained and exhibits less movement than one that has
fewer contact points on the surface.23 The diffusion of poly(ethylene
oxide) (PEO) on surfaces is a function of other parameters such
as the concentration of adsorbed polymer24–27 or the presence of
topographic constraints.28,29 All of these experiments concern the
diffusion at the solid–liquid interface. Little is known of how a
polymer diffuses at the aqueous interface with a molten poly-
mer film, which is subject to capillary waves, which themselves
are influenced by the surface melting associated with the glass
transition.30

In this work, single poly(ethylene oxide) (PEO) chains are
allowed to diffuse in an aqueous environment on polymer surfaces
as a function of temperature. The surfaces comprised polystyrene
and different poly(alkyl methacrylate) (PAMA) homopolymer and
blend films. It is proposed that there is a coupling of the polymer to
the surface of the film ∼10 K below the surface glass transition, which
causes a large increase in the surface diffusion of the PEO over a nar-
row temperature range. A similar effect is observed using friction
force microscopy (FFM).

II. EXPERIMENTAL

A. Polymer films

Silicon substrates (Prolog Semicor, Ukraine) were cleaved into∼1 cm2 sections, sonicated in chloroform and then toluene for∼20 min in each, and cleaned for ∼15 min in an oxygen plasma. The
cleaned substrates were then immediately coated with the relevant
polymer by spin coating. Solutions of 5% w/v poly(alkyl methacry-
late) or polystyrene in toluene were used, and spin speeds ranging
from 2000 to 4000 rpm allowed the control of the resulting film
thickness to be between ∼250 and 350 nm.

The polymers used for the films were PMMA (mass aver-
aged molar mass, M = 120 kDa, and dispersity, Ð = 2.0), PEMA
(M = 250 kDa and Ð = 2.3), PPMA (M = 150 kDa and Ð = 2.4),
PBMA (M = 337 kDa and Ð = 2.1), and polystyrene (M = 222 kDa

andÐ= 1.02). All polymers were purchased from Sigma-Aldrich and
used as received.

The resulting films were incubated at 353 K for a minimum of
8 h to allow any residual solvent to leave the film. Homopolymer
films were heated to ∼30 K above the surface glass transition tem-
perature, Tgs, and held at this temperature for at least 1 h in order to
allow the polymer chains to relax toward an equilibrium state before
cooling at a constant rate of 2 K min–1 to ∼30 K below Tgs before
performing fluorescence correlation spectroscopy (FCS) experi-
ments. Experiments were also performed using blends of PBMA
and PMMA, which were heated to 393 K for at least 1 h to allow
both polymer components of the film to relax and then cooled at
2 K min–1 to ∼280 K. Low temperature ellipsometry measurements
were performed with the aid of a liquid nitrogen flow-cooled cham-
ber, but FCS measurements were limited to ∼278 K to avoid con-
densation, precluding measurements using PBMA homopolymer
films.

B. Ellipsometry measurements

The thickness of the films was determined using an M-2000
spectroscopic ellipsometer (J. A. Woollam Co., Inc.). The film tem-
peratures were controlled using a Linkam heating stage (Linkam Sci-
entific Instruments Ltd., Surrey, UK) with a TMS94 heat controller
and LNP-1 nitrogen flow control. The Linkam stage was calibrated
using the boiling points of various solvents. An ellipsometry-specific
sealed chamber (Linkam Scientific Instruments Ltd.) with a nitro-
gen gas flow was used to minimize atmospheric effects for thickness
measurements.

A Cauchy model was developed and used within the native
software to fit the data and extract the thickness. The resulting
temperature–thickness curves were subsequently analyzed using the
pro Fit v6.1.16 (QuantumSoft, Switzerland) software package to
determine the glass transition temperatures (Fig. S1).

C. Diffusion measurements

FCSmeasurements were performed using an LSM510AxioVert
inverted confocal microscope with a ConfoCor2 FCS module (Carl
Zeiss, Germany). Alignment and calibration of the optics were per-
formed using 10 μM fluorescein isothiocyanate in water, and dif-
fusion measurements were performed with fluorescein-labeled PEO
(M = 20 kDa and Ð = 1.2, purchased from Scientific Polymer
Products, Inc, Ontario, USA, and used as received). Fluorescein
was excited using the 488 nm line of an argon laser, and fluo-
rescence emission was collected through a 510–560 nm bandpass
filter and recorded with an avalanche photodiode. The film tem-
peratures were controlled using a Linkam heating stage (Linkam
Scientific Instruments Ltd.) with a TMS94 heat controller and LNP-
1 nitrogen flow control. A custom-built mount was used to invert
and secure the heating stage onto the microscope platform for FCS
measurements. A ∼5 nM solution of fluorescein isothiocyanate-
labeled PEO was prepared in water, and a small volume (<10 μl) was
placed onto the film before mounting onto the microscope stage.
The droplet was confined between the polymer film and micro-
scope objective lens, so evaporation was kept to a minimum. Lit-
tle change in concentration was observed during the experiments.
Experiments were performed on heating the samples, but cooling
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the samples from an elevated temperature yielded identical results
(Fig. S3).

Accurate positioning of the confocal volume onto the surface
of the film was critical in preventing the introduction of artifacts
into the correlation curves, particularly because silicon substrates
can act as a mirror and amplify noise as well as the signal. The con-
focal volume was first coarsely focused close to the surface using the
on-screen image, after which z-scanning was performed in 100 nm
steps from the bulk solution toward the coated surface. The posi-
tion of the surface was determined by the peak signal-to-noise ratio
from the automated z-positioning of the ConfoCor2 system. The
surface diffusion signal was always significantly larger than that of
bulk diffusion and so was easy to identify. Typically, the number,
N, of labeled PEO on the surface over all temperatures was 3 < N< 7. There was little variation in N with temperature. In order to
eliminate any effect due to variations in temperature across the sur-
face, the data were all obtained at the same point on the film at
each temperature. After allowing 15 min equilibration time at each
temperature, the data were taken over a period of 1 h. The long mea-
surement times over a complete temperature scan did not cause any
problems, as can be concluded from the heating and cooling scans
(Fig. S3).

The autocorrelation data were extracted from the native Zeiss
software and fitted using the pro Fit software package with the
autocorrelation function including both three- and two-dimensional
components.31 The autocorrelation function is given by

G(τ) ≙ 1 + 1

N

⎛⎜⎝
(1 − f )

(1 + τ
τ3D
)√1 + τ

τ3DΓ2

+
f

1 + τ
τ2D

⎞⎟⎠
×(1 + ( Pt

1 − Pt )exp(
−τ
τt
)), (1)

where f is the fraction of molecules adsorbed onto film, τ3D is the
diffusion time of free molecules, Γ is the structure parameter of
the confocal volume (4 < Γ < 11, dependent upon the width of the
confocal volume) and was fixed from control measurements of flu-
orescein dye, and τ2D is the diffusion time of adsorbed molecules.
The excitation of electrons into the triplet state is quantified by the
triplet lifetime τt and the population of the triplet state, Pt.

32,33 This
model assumes isotropic two-dimensional diffusion on a homo-
geneous surface and reduces to the standard bulk autocorrelation
function when the confocal volume is moved into the solution (and
hence f = 0).

The autocorrelation data were fitted with the above model
for times greater than 2 μs to avoid distortions introduced from
afterpulsing in the avalanche detector. The data were analyzed by
Levenberg–Marquardt nonlinear least-squares fitting using the pro
Fit software package (6.2.9). Surface diffusion coefficients were rela-
tively easy to obtain because the bulk diffusion time was usually well
separated from that due to surface diffusion and did not contribute
significantly. There was also no observable contribution of free dye
in these experiments. Fluorescein has a large diffusion coefficient
(>400 μm2 s–1) in water.34–36 N dictated the amplitude of the auto-
correlation function and did not interfere with the fitting of τ2D. The
only other fitting parameter was f, which controls the relative contri-
butions of surface and bulk diffusion and was thus easily extracted.
Under the conditions of the experiment, f was close to unity. Some

diffusion times were measured repeatedly in order to obtain the
error in the diffusion coefficients. This error was estimated to be±5% and was independent of temperature.

D. Friction force microscopy

A Digital Instruments Dimension 3100 atomic force micro-
scope (AFM) with Nanoscope IV controller (Veeco, Cambridge,
UK) was operated in contact mode with a liquid cell/tip holder.
Silicon nitride probes (SNL, Bruker, California, USA) with nom-
inal spring constant 0.12 Nm–1 and tip radius 2 nm were used.
FFM measurements were performed at a scan rate of 2.03 Hz
with 256 data points per line and with a scan area of 1 × 1
μm2. Each cantilever was calibrated by a Digital Instruments Pico-
Force module and its associated software based on the method of
Hutter and Bechhoefer,37 confirming the nominal value supplied.
The optical lever sensitivity of each modified cantilever was cal-
ibrated in de-ionized water at room temperature before each set
of experiments. The friction force was acquired by converting the
lateral signal collected by the photodetector from voltage to new-
ton using the wedge method,38,39 where the cantilever is scanned
across a calibration grating (TGF11, MikroMasch, Tallinn, Esto-
nia) and the frictional signal is measured as a function of applied
load.

III. RESULTS

A. Glass transition temperatures

The glass transition temperatures of films of these polymers
were measured by determining the change in expansivity by ellip-
sometry.5 The film temperatures were controlled using a Linkam
heating stage under nitrogen flow. The film is taken to comprise
a solid and liquid layer with a total thickness dependent upon
Tgs and Tgb, the surface and bulk glass transition temperatures,
and their corresponding liquid and solid (glass) expansion coef-
ficients. The film thickness can be fitted using a simple model.40

These glass transition temperatures obtained from the ellipsometry
data are tabulated in Table I, which includes dgs, the film thickness
at T = Tgs.

For the measurement of surface diffusion, fluorescein isothio-
cyanate end-labeled PEO (M = 20 kDa) was allowed to adsorb from a
dilute solution in water onto the polymer film with a clean uncoated
silicon wafer used as a control. Diffusion coefficients of PEO were
measured using fluorescence correlation spectroscopy (FCS).32 Sam-
ple FCS data (autocorrelation functions) and fits are shown in Fig. 1.

TABLE I. Glass transition temperatures as measured using ellipsometry.

B. Polymer Tgs (K) Tgb (K) dgs (nm)

PMMA 373 ± 7 403 ± 8 252
PEMA 341 ± 5 367 ± 6 282
PPMA 308 ± 3 325 ± 4 352
PBMA 269 ± 3 331 ± 8 279
Polystyrene 356 ± 4 387 ± 5 232
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FIG. 1. FCS autocorrelation function data and fits for PEO on PEMA films at three
different temperatures. The triplet states and bulk diffusion dominate the data at
early times, and the shorter (surface) diffusion time of the data at 330 K is signif-
icant from τ ≈ 10−4 s. The fits to the data are shown in the inset, which covers
the period where surface diffusion dominates. Here, the autocorrelation function
has the steepest decay for the sample measured at 330 K, indicating the shortest
diffusion time, and thus the largest diffusion coefficient.

The measured diffusion coefficients are plotted in Fig. 2(a).
The diffusion of PEO on the uncoated silicon wafer follows a sim-
ple linear dependence with temperature, as would be expected for
the Stokes–Einstein behavior. The diffusion of PEO on different

FIG. 2. (a) Diffusion profiles of PEO adsorbed onto polymer films for temperatures
around their glass transitions. The diffusion coefficients for PEO adsorbed onto
bare silicon are also shown. The solid lines are guides to the eye, except for the
results for PEO on silicon, for which the solid line is a linear fit to temperature. (b)
The same diffusion profiles as in (a), but with the temperature scale relative to the
surface glass transition temperature Tgs, as determined using ellipsometry.

poly(alkyl methacrylate) films also exhibits this behavior, except for
temperatures given by Tgs–T ≈ 10 K [Fig. 2(b)], where there is a
notable increase in the diffusion coefficient. In addition, PEO was
allowed to diffuse on films of blends of PMMA and PBMA, which,
being immiscible, exhibit two glass transitions. PBMA and PMMA
have a reported interaction parameter of χ = 0.062 atT = 413 K based
on a lattice size of 0.72 nm41 and are expected to exhibit an upper
critical solution temperature, as is the case for PEMA and PMMA.42

Diffusion coefficients for PEO on films of blends of PMMA and
PBMA are shown in Fig. 3. The maximum diffusion coefficients
are similar to those in the bulk solution for PEO of similar molar
mass.22,26,28

The blend data reveal two peaks in the diffusion coefficient: one
corresponding to the glass transition temperature of the PBMA-rich
phase and the other corresponding to that of the PMMA-rich phase.
In both cases, the peaks are located ∼10 K below the correspond-
ing expansivity change measured using ellipsometry (Fig. S1b). Only
one PEO surface diffusion coefficient was obtained from fitting the
blend data at each temperature.

On polystyrene, the PEO also exhibited a separate peak in sur-
face diffusion. In contrast to its behavior on poly(alkyl methacry-
late) surfaces, at temperatures greater than those corresponding
to the peak in the diffusion coefficient, the PEO diffusion on
polystyrene did not return to the same behavior exhibited at
lower temperatures (Fig. 2). It has been well documented that

FIG. 3. (a) The diffusion of PEO as a function of temperature on blends of PBMA
and PMMA revealed two peaks in the diffusion coefficient for each blend, indicating
two glass transitions. The temperatures are plotted relative to the temperatures of
the lower (b), Tgs(l), and upper (c), Tgs(u), transitions, which are indicated by the
broken vertical lines.
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FIG. 4. FFM data reveal a peak in the coefficient of friction of a silicon nitride
AFM tip on a PEMA surface. The friction data are normalized to the result at
313 K.

PEO-poly(alkyl methacrylate) blends are at least partially misci-
ble43–46 in which case adsorbed PEO has a similar attractive inter-
action with the poly(alkyl methacrylate) film both above and below
Tgs. The same does not apply to PEO and polystyrene, which are
highly immiscible.47

In order to directly interrogate the surface of the polymer films,
friction force microscopy (FFM)48 was performed on a PEMA film
under water as a function of temperature. In Fig. 4, the FFM data
are shown for a PEMA film with the diffusion coefficient of PEO
on the same surface also shown for comparison. The friction coef-
ficient of PEMA increases with temperature above its glass tran-
sition, as would be expected for a film close to its melting point.
However, again at Tgs–T ≈ 10 K, a narrow peak can be observed.
The increase in friction coefficient near, but below, the glass tran-
sition temperature of PEMA is unexpected, but more comprehen-
sive studies have revealed the existence of an increase in frictional
behavior close to the glass transition in polystyrene films.49 The
FFM setup used in this work can only be operated over a limited
temperature range, so these experiments were restricted to PEMA
films.

IV. DISCUSSION

The large increase in diffusion coefficient indicates a PEO con-
formational transition at T = Tgs–10 K. PEO fully adsorbed onto a
substrate (pancake structure) has a diffusion coefficient an order of
magnitude smaller than that when it takes up a conformation com-
prising loops and trains,23 so it can be concluded that the surface
of the polymer film triggers a conformational change in the PEO.
However, it is not likely that PEO has a flat (pancake) structure on
these films; previous measurements have indicated that when it has
a pancake structure (20 kDa), PEO diffuses with a coefficient close to
0.1 μm2/s,22 which is smaller than the values measured here. PEO is
also reticent to adsorb to PMMA, silica, or polystyrene.50 This PEO
takes up a pancake structure that has been questioned for hydropho-
bic surfaces,51 but force spectroscopy has revealed that adsorption
as a pancake structure does occur on some surfaces.23 Bulk mea-
surements of PEO diffusion have a diffusion coefficient similar to
the maximum surface diffusion values reported here,22,26,28 and so
it may be argued that the conformational transition just below the
glass transition amounts to desorption. Nevertheless, the relative

contributions of adsorption and desorption are important in some
diffusion mechanisms.52,53

Both poly(alkyl methacrylate) films and the native oxide layer
of silicon surfaces offer hydrogen bonding sites with which the PEO
can interact. In order to test the effect of nonpolar surfaces on the
diffusion, polystyrene films were used. As can be seen in Fig. 2(a),
there is again a peak in the diffusion coefficient at T ≈ Tgs–10 K.
However, at greater temperatures, the diffusion coefficient does
not return to values of the silicon or the poly(alkyl methacrylate)
films but remains at a large value, albeit below the maximum. It
is known, however, that PEO undergoes a conformational transi-
tion at temperatures greater than its θ-temperature54 and that its
adsorption to polystyrene is affected.55 The related possibility that
the more polar poly(alkyl methacrylate) films might absorb some
water deserves some consideration. However, the finding that PEO
exhibits a peak in its diffusion coefficient on both polystyrene and
poly(alkyl methacrylate) films at ∼10 K below the surface glass tran-
sition shows that the swelling of these films by water is not a sig-
nificant effect. Earlier neutron reflectometry experiments have also
shown limited water swelling of glassy PMMA and rubbery PBMA
films.56

A recent report has shown that tobacco mosaic virus (TMV)
diffuses on the surface of a glassy film of N,N′-bis(3-methylphenyl)-
N,N′-diphenylbenzidine independent of film thickness, despite the
observed film thickness dependence of the glass transition temper-
ature.57 The conclusion from this work was that, near the glass
transition, there was a discrete layer of greater segmental mobil-
ity, the properties of which were independent of the underlying
film. This conclusion is consistent with the present results. Nev-
ertheless, the limited temperature dependence of the TMV surface
diffusion experiments does not allow a direct comparison. Further-
more, the TMV is large and asymmetric58 and perhaps not an ideal
comparator.

As can be seen in Fig. 4, there is a peak in the friction coeffi-
cient at a similar temperature to that in the diffusion coefficient (also
shown). A proxy for temperature is that of time, and by changing the
scanning rate, it has been shown elsewhere that the glass transition
has an effect on the time–temperature superposition coefficient at
the glass transition for polystyrene.49 Other experiments performed
using AFM to determine mechanical properties of nanoparticle-
embedded polystyrene also provide evidence for a shift in the behav-
ior in the vicinity of the glass transition, where evidence of surface
stiffening was found.59

Ultimately, a sharp AFM tip interacting with the polymer sur-
face may be of comparable size to 20 kDa PEO and it is possible
that the size of the object, which perturbs the film, is relevant. As
has been pointed out,30 a thin layer has associated capillary waves
that have a dominant wavelength of λ ≈ 2πh, where h is the film
thickness. Longer wavelengths will be impeded by the thickness of
the layer, and shorter ones will be thermodynamically suppressed
because they create too much interface. The tantalizing suggestion
that a dominant mode couples to the adsorbed polymer can only
be tested by a comprehensive study covering a large range of molar
masses.

V. CONCLUSIONS

To summarize, the data have been presented to show that
the nature of the surface of the film has a profound effect on the

J. Chem. Phys. 154, 164902 (2021); doi: 10.1063/5.0051351 154, 164902-5

Published under license by AIP Publishing



The Journal
of Chemical Physics

ARTICLE scitation.org/journal/jcp

diffusion of polymers adsorbed on that film. At temperatures some
10 K below the surface glass transition, an anomalous peak in the
diffusion coefficient is observed, the origin of which is unclear, but
it may be speculated that the adsorbed PEO is interacting with a
nanoscale surface layer. This behavior is observed for PEO adsorbed
on polystyrene films and three poly(alkyl methacrylate) films, as well
as blends of PBMA and PMMA, and may therefore be considered to
be a general phenomenon.

SUPPLEMENTARY MATERIAL

See the supplementary material for ellipsometry thickness
results, FCS hysteresis data and results for the diffusion of dextran on
PEMA, which also show a diffusion maximum, water contact angle
analysis, and scanning force and optical microscopy images of blend
films.
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