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ABSTRACT
The characterization of the thermomechanical properties of thin polymer films is of critical
importance for a wide range of applications, including microelectronics, functional coatings, and

biomedical devices. However, reliable measurements at the nanoscale remain challenging due to



confinement effects, substrate influence, and the limitations of conventional experimental
techniques. In this work, we introduce a novel experimental approach to probe the
thermomechanical behavior of thin polymer films based on pull-off force measurements performed
using Atomic Force Microscopy (AFM). The evolution of adhesion forces with temperature
provides direct insight into thermal transitions and mechanical softening phenomena occurring
within confined polymer layers. The proposed method offers high spatial resolution and
sensitivity, enabling the investigation of films with thicknesses down to a few tens of nanometers.
In addition to the measurement of the glass transition temperature (Tg), a characteristic

temperature (Tmax) is identified, at which the maximum pull-off value is observed. The strong

link between Tg and Tmax is demonstrated by the effect of chain length and confinement. Ou

Introduction

Temperature strongly affects polymer properties because chain mobility, free volume, and phase
state all change with temperature. For amorphous polymers, the glass transition temperature is
used as a reference to describe the thermomechanical properties. The glass transition temperature
(Tg) is commonly described as the transition from a low-temperature glassy (brittle) state to a
rubbery and deformable state. Despite its importance, the glass transition remains a long-standing
unsolved problem in materials science because it involves complex interplay between
intramolecular and intermolecular cooperativity.! In addition to Tg, amorphous polymers exhibit
several secondary relaxation processes. Below Tg, transitions are associated with movements

involving a side group of the chain, a few monomers, or even the entire polymer chain.>*



The existence of transitions above Tg has been confirmed by numerous experimental

5 energy dissipation analysis,® low-

approaches, including dynamic dielectric spectroscopy,®
frequency anelastic spectroscopy,’ and nuclear magnetic resonance.® In 1963, Boyer ° proposed
the existence of a transition temperature at T>Tg, named Ty corresponding to a thermodynamic
liquid-liquid transition. In subsequent studies,'®!! they found that this transition was linked to Tg
and located approximately at 1,2xTg, concluding that they were both governed by the same type
of molecular motion but in different ranges. The existence of Ty was quickly criticized because
the transition was experimentally difficult to detect'> and at this time no established model was
able to predict a relaxation above Tg." In addition to Boyer’s interpretation, different approaches
have been proposed for the origin of this transition. Hedvat ef al. proposed that Ty corresponds to
a maximum of energy dissipation and can be associated to a rubber-viscous transition due to a
coilling-uncoilloing process.'* More recent works attribute the transition temperature at 1,2xTg
to a pure dynamic process corresponding to a crossover temperature from solid-like to liquid-like
dynamics such as predicted by the mode-coupling theory (MCT).>!>'7 MCT remains a central
theoretical framework to describe the dynamic crossover in glass-forming systems and has been
the subject of recent critical assessments clarifying its physical content and limitations.'® Recent
extensions such as generalized mode-coupling theory (GMCT) further support the existence of a
dynamical crossover while providing improved descriptions of slow relaxation phenomena in
supercooled liquids and polymers.'

In addition, numerous experimental and theoretical investigations demonstrate that reducing
thickness in polymer films below the bulk regime induces deviations in the glass transition

temperature.?’ These effects are commonly attributed to confinement-induced alterations in chain

mobility, the presence of interfacial layers with distinct dynamics, and the suppression of



cooperative segmental motions.?'*? As a consequence, such thickness-dependent effect will have
direct implications for the thermal stability, mechanical integrity, and long-term reliability of
polymer films in applications ranging from nanoelectronics to barrier coatings.?? Very few studies
have so far addressed the effect of confinement on amorphous polymer film properties above Tg.
In this work, a novel experimental approach is introduced to probe the thermomechanical behavior
around and above their Tg of thin polymer films based on pull-off force measurements performed
using Atomic Force Microscopy (AFM). The evolution of adhesion forces with temperature
provides direct insight into thermal transitions and mechanical softening phenomena occurring
within confined polymer layers. We aim to verify the presence of characteristic temperatures above
the glass transition temperature (Tg) in amorphous polymers and to investigate their relationship

with Tg through variations in molecular weight (Mn) and the effects of confinement.

Materials and Methods

Material

Atactic polystyrene (PS) samples with different molecular weights (Mn=20, 136, 783, 996 and
1500 kg/mol) and dispersity <1.1 were purchased from Polymer Source®. Bulk Tg (Figure S1)
were measured by Differential Scanning Calorimetry (DSC). Except Mn=20k where Tg=361(2)K,

all the samples show a Tg=377(2)K.

Polymer thin-film preparation

Thin films were prepared by spin-coating filtered PS solution in toluene on silicon wafer
containing a silica (SiOz) native layer. The substrates were cleaned by sonication in a (CH3OH +
HCl in 1:1 v/v) solution at room temperature, the silicon wafers were rinsed with deionized water

and then treated for 15 minutes in an UV-o0zone chamber in order to remove organic contaminants



and improve film stability.* Spin-coating conditions were optimized to obtain homogeneous high-
quality film with controlled thickness and low surface roughness (Sq<0.4 nm for 5x5um? surface).
Polymer films were then annealed under a vacuum at 160°C for 24 h in order to decrease surface
stresses induced by the deposition method. Film thicknesses were measured by ellipsometry after

annealing.

Transition temperature measurements of thin films by Atomic Force Microscopy

All AFM measurements were performed on an Agilent 5500 AFM equipped with an
environmental chamber and controlled humidity. The instrument was operated with the PicoView
software. Temperature control was monitored by a PID controller (Lakeshore) associated to a heat
stage allowing heating from T = 20°C to 250°C with an accuracy of 0.1°C. Temperature controller
was calibrated before each measurement with three standard fusion point solids (benzophenone

(T=48°C), azobenzene (T=68°C) and acetanilide (Tr = 114.5°C)).

Force distance curves were acquired using different Biosphere® B40-FM spherical diamond tips
with tip radius of 40(5) nm with spring constant ranging between 1.76 N/m and 3.01 N/m,
respectively. Spring constants were calibrated using the direct force method with reference
cantilevers. While AFM tip geometry, stiffness, and chemical nature are acknowledged to
potentially influence adhesion strength, Figure S2 demonstrates the independence of Tmax detection
with respect to these parameters. Regardless of the AFM tip selected, a maximum load force of
130(10) nN and a loading/unloading rate of 4 um-s™ were consistently applied. *° Starting from
T=30°C until the ending temperature, forces curves were acquired every 2°C after a stepwise

heating (2°C/min) and an equilibration time of 1 min.



where-rate—effects-areexpeeted-to-be-minimal All these parameters were kept constant for all
temperatures, film thicknesses, and molecular weights. Details-on-the-pull-off force-measurement
method-—ecanbefoundin—a previous—publieation—Pull-off force value was measured from the

retraction force distance curve as the difference between the minimum force and the force at a
large surface distance. For each temperature, 4 different locations were chosen on which 10 force-
distance curves were averaged to give the pull-off force intensities and uncertainties. Data

processing and analysis were carried out using the open-source software AtomicJ®.

Ellipsometry Measurements

Spectroscopic ellipsometry measurements were performed using a Horiba UVISEL apparatus
equipped with a heating stage. The ellipsometric angles ¥ and A were recorded as a function of
temperature at a fixed incident angle of 70° over a wavelength range from 275 to 1771 nm.
Following the same procedure that for the pull off force measurements, for each temperature, the
sample was held for 1 min to ensure thermal equilibration before data acquisition. Measurements
were carried out upon heating at a rate of 2 °C/min. Data processing and analysis were performed

using the DeltaPsi 2.24 software.?

Nano-Dynamic Mechanical Analysis

AFM nano-DMA is a recently developed AFM mode to quantify the viscoelastic properties at the
nanoscale. 27 The “measurement process” is similar to force—distance curve measurement, except
that when the tip is in contact with the studied sample, the load is maintained and a frequency
modulation is applied to the tip. The difference of phase between the dynamic solicitation on and

the cantilever deflection, coupled with the force—curves analysis, gives access to local rheological



parameters of the sample, such as storage modulus (E’), loss modulus (E"), and damping factor
(tan 8). AFM nano-DMA has two modes. The first is an imaging mode where the frequency
modulation is fixed and the tip scans the surface, providing quantitative mapping of viscoelastic
properties. The second is a spectroscopic mode where the position of the tip is fixed while a ramp
script of discrete frequencies is applied, providing the evolution of rheological properties as a
function of those frequencies. All nano-DMA measurements were performed on a Dimension Icon
AFM (Bruker Corp.). Temperature control was monitored by a PID controller (Lakeshore)
connected to a heat stage inside the AFM device. The probes used are pre-calibrated RTESPA
300-30 cantilevers from Bruker Corp. with a spring constant around 40 N.m™' and a nominal tip
radius of 30 nm. All measurements were done in spectroscopic mode with frequencies randomly
chosen within the range from 1 to 160 Hz. For each temperature nano-DMA measurements were
carried out at six distinct and spatially separated points to account for local variability. The
homogeneity in terms of morphology and mechanical properties (adhesion, rigidity modulus, and
indentation) of those areas were previously checked by Peak Force Tapping mode. Nanoscope
Analysis 3.0 was used to analyze and extract the data.

Temperature dependency of the work of adhesion between the AFM tip and the PS surface

The work of adhesion between the AFM Diamond-like carbon (DLC) tip and the PS surface was
calculated using the following the Berthelot rule: W, = ZJm 28 where yps and ypic are
the surface solid energies of the film and the AFM tip respectively. yrs was determined using
the Neumann method?® by measuring the glycerol contact angle on a Biolin Attension®
goniometer equipped with a controlled and calibrated heating system. ypLc values were extracted

from bibliographic data.2? Decreasing values of Wo with temperature were thus obtained from

71,6 mJ/m? for T=295K to 51,8 mJ/m? for T=413K. Although the absolute values of Wy are subject



to uncertainties related to surface energy estimates, the analysis focuses on relative variations with

temperature, which are robust.
Optical profilometry

Optical profilometry images were acquired with a S-Neox from SensoFar® in confocal mode (blue

light and objective=X50). Average height fproﬁle\ were extracted using Gwyddion software.

_— [ Commenté [DS1]: profiles

Results

In previous works, we have shown that measuring the force needed to detach (i.e. the pull-off

force) the AFM tip and a polymer surface®®!

as function of the temperature allowed the detection
of thermomechanical transitions such as bulk Tg or nematic-isotropic transition for polymer films
as thin as 7nm.?3-32 It is known that the pull-off force intensity between an AFM tip and a polymer
surface is governed, within contact mechanics frameworks, by several factors including: the
surface contact area, the surface energies and the elastic properties of both materials.’** In
addition, viscoelastic properties of the polymer (i.e. time-dependant adhesion)®® and
environmental factor’® may have also a consequent influence. By performing, the measurement in

controlled media, constant frequency and controlled load force we have shown that our method

allows the limitation of the impact of these different factors.?

Figure 1 shows the measured pull-off force between an AFM tip and polymer surface as function

25,3237 we have

of the temperature for a PS film (Mn=783k and h=204nm). In previous works,
shown that the increase in the pull-off force allows the detection of bulk Tg. It is explained by the

observed decrease of the storage modulus at Tg illustrating the transition from the glassy to the

rubbery state. Since the polymer film becomes softer, the contact area increases even under the



same load conditions, resulting in an increase in pull-off force. To detect more accurately the Tg
we performed a derivative of the pull-off force vs. temperature curve. Tg (i.e. Tg=376K) is
detected as the first point of the derivative curve above zero before a strong increase in the
derivative. We have confirmed that Tg measured by pull-off force does agree well with those
detected by DSC or by ellipsometry measurements (Figure S1).% In addition to Tg, a temperature
at which the pull-off force reaches a maximum can be detected (i.e. inflexion point of the derivative

curve). This temperature will be named Trmax in the following.
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Figure 1. Pull-off force vs. temperature and its derivative curve for a PS supported film (Mn=783k

and h=204nm)

The systematic evolution in the shape of the force-distance curves acquired via AFM below and
above Tmax, as illustrated in Figure S3, reveals that, concomitant with a maximum in adhesion
force at T=Tmax, @ pronounced hysteresis between the approach and retraction curves is observed,

alongside a large separation distance defined as the distance between the point of maximum



adhesion and the complete detachment of the AFM tip. These distinctive features are characteristic

of a transition from solid/elastic to viscous mechanical behavior.

By performing plotting the pull-off force vs. temperature for different frequencies (i.e. same z
range with various approach/retraction duration), a shift in Tmax towards higher temperatures can
be observed (Figure S4). Although the experimentally accessible frequency range is limited, it is
demonstrated that the Tmax shift can be effectively modeled using a Williams, Landel et Ferry
equation (WLF). Demonstrating that the WLF is verified allows us to exclude experimental
artifacts as the cause of the maximum since WLF implies a cooperative, thermo-activated, free-
volume-governed mechanism—exactly what characterizes the dynamics of polymer chains above
Tg.’® The final argument supporting the notion that Tmax is an intrinsic material property, rather
than an optimal measurement condition, is substantiated by the observation of Tmax across various
tested amorphous polymers, irrespective of their chemical composition, molecular weight (Mn),

and film thickness (Figure S5).

Although to our best knowledge we are the first team to study that maximum of pull-off force by
AFM, it has been already investigated with other techniques.®*!' Cavities (i.e. pockets of air),
present because of initial imperfect contact between the probe and the polymer, can be under
tensile stress the seed of two rupture mechanisms. The two failure mechanism can be distinguished
by the viscoelastic and surface properties of the polymer surface.** On one hand, for high elastic
modulus and low tan &, the rupture by propagation of interfacial cracks will lead to low pull-off
force. On the other hand, for low elastic modulus and high tan delta, values growth of the cavities
may lead to the formation of complex fibrillar structures that strongly increases the pull-off
force.*** The fibrillar structures where observed on several systems including thin polymer

films.* By measuring the contact area simultaneously with the pull-off force on PMMA surface,
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Kim et al. confirmed that fibrils were observed at the maximum pull-off force occurring at
T=Ty+40K.* In order to demonstrate that the observed Tmax in AFM pull-off force measurement
is characteristic of the fibrils occurrence, we have studied the viscoelastic properties and pull-off

force evolution of a thin PS film (Mn=783k h=104nm).

1E+04

\ L
16403 $

Pull-off force (nN)
v

1E+02 \7

Storage modulus [MPa]
==
Tan &

1 — . | it 0
T T T T T T T T 1E+01 T T T

330 340 350 360 370 380 390 400 410 420 430 300 310 320 330 340 350 360 370 380 390 400 410 420 430
Temperature (K) Temperature [K]

10 -

Figure 2. (left) Evolution of the pull-off force and (right) storage modulus (E’) and tan § (f=1Hz) with

temperature for a supported PS film (Mn=783k — h=104nm).

Figure 2 shows the measured pull-off forces between an AFM tip and a 140nm thick polystyrene
supported film as a function of the temperature and the respective storage modulus E’ and tan &
measured by nano-DMA. As discussed before, the increase in pull-off force (Figure 2) from
T=Tg=380K may be explained by the observed decrease in the storage modulus (Figure 2) from 3
to 0,1 GPa illustrating the transition from the glassy to the rubbery state. These values agree with
those measured by Torres et al. for PS thin films.*” At temperature above Tg+10K, the storage
modulus does not vary significantly implying that the observed strong increase in the pull-off force
can no longer be explained by a softening of the material. The appropriate parameter to describe a
transition between fibrils and crack propagation mechanisms in the case of an elastic rubber has

been proposed to be Ge/E’h *® where Ge is the critical energy release rate and E’h represents the
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elastic energy necessary to deform the bulk of a sample of thickness h with elastic modulus E’. In
the case of a viscoelastic material, Gc can be approximated by Ge= Woxtan & where Wy is the
work of adhesion between the probe and the polymer.** Using the data for E* and tan § from the
nano-DMA experiment and value of Wy calculated from contact angle measurements (see
Experimental part) we were able to plot the parameter space spanned by Woxtan & and E’xh.*? As
shown by Figure 3, two distinct populations can be found: below 385K where G¢/E’h is low and
interfacial crack propagation is promoted and above 388K where Gc¢/EDb is high and bulk rupture
mechanism (fibrils) is expected. This result agrees with the study by Nase and demonstrates that
at T>385K fibrils start to form in our films. The temperature domain where fibrils can occur is
rather narrow. Indeed, at low temperature fibrils cannot form because chains disentanglement is
not possible whereas at higher temperature fibrils become instable because the viscosity is too
low.*! This behavior reflects the competition between chain mobility, required for fibril formation,
and viscous dissipation, which destabilizes fibrils at high temperature. As a consequence, the pull-
off force should decrease. This result indicates that Tmax may be seen as the temperature where
fibrils are the strongest. Tmax can thus be defined as the temperature at which cohesive fibrillation
during debonding of the polymer layer is mechanically optimal, corresponding to a balance
between chain mobility and viscous dissipation, and leading to a maximum resistance to

separation.

12
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Figure 3. Map of the top region corresponds to temperatures where bulk rupture mechanism is

expected. Low region corresponds to temperatures where interfacial crack propagation is promoted.
Effect of Mn

To investigate how the polymer chain length may influence the value of Tmax we have studied
the pull-off force vs temperature of PS supported films with different Mn (Figure 4). In order to
prevent any confinement effect which will be studied later we chose to study polymer films with

thickness above 100nm.
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Figure 4. Pull-off force vs. temperature for PS supported film with thicknesses above 100 nm and

different Mn.

Even if the absolute pull-off force may differ from one AFM tip to another it can be seen in
Table 1 that the relative pull-off force at Tmax (i.e. pull-off force at Tmax normalized by pull-off
force at 293K) increases with Mn. These results agree with those of Zosel et al. for monodisperse
Polybutadiene™ and it can be explained by an increase in viscosity when Mn increases leading to
an increase in cohesive strength and a higher stability of the fibrils. For Mn>136k, the values of
Tg bulk and Tmax remain unchanged. For low Mn, (Mn=20k) a shift of both Tg and Tmax
toward the low temperature values is observed. Whereas the decrease in Tg is expected for
Mn=20k>! the fact that Tmax decreases also seems to indicate that for PS, Tmax is also probably
related to chain dynamics which governs the glass transition mechanism. The link between Tg
and Tmax is highlighted by the value of the Tmax/Tg which remains constant independently on

the Mn (Table 1).

14



Table 1. Measured and calculated quantities extracted from Figure 4 with their uncertainties.

Te Tmax Relative pull-
Tmax/Tg off force at
X () Tmax
20k 358(3) 395(2) 1.10(0.01) 1.29
136k 380(3) 410(2) 1.08 (0.01) 2.43
783k 382(2) 413(2) 1.08 (0.01) 3.90
996k 379(2) 412(2) 1.09 (0.01) 5.67

Recent work on glass transition has demonstrated that for polymer glass to become liquid, it is
not sufficient to simply overcome the interparticle binding energies. Instead, more energy must be
invested to break up the typical cooperative particle network that is common to glassy materials.>?
In addition, Peng et al. investigated PS chain dynamics at temperatures above Tg by 'H NMR.}
They found two transition temperatures Tr=1.1xTg that can be associated with the melting process
of polymeric rigid components and Tc=1.2xTg where the complete disappearance of the rigid
components occurs and that the polystyrene became a homogenous isotropic liquid. This last

temperature (Tc) is similar to the predicted critical temperature (1.2xTg) by mode coupling theory

and liquid-liquid transition prediction.'®’* We-ean-thus-assume that Tmax is probably the Tf
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temperature{Te)Interestingly, by studying the pull off force at higher temperature, as shown on
Figure 1, it can be seen that after Tmax, the pull-off force value decreases until it reaches a stable
value when T=455K =1,2xTg. Since for a liquid it is known that the surface adhesion is mainly
governed by interfacial surface energy rather than mechanical properties, the pull-off force
variation is weak. These findings tend to indicate that the polymer film behaves like an isotropic
liquid above T= 1,2Tg. Two additional experimental findings support the hypothesis that Trmax may
correspond to the onset of a rubber-liquid transition. The first of these findings is detailed below,
involving the examination of the morphological evolution of a scratch on a PS-783k (h=0.9um)
film as a function of temperature, utilizing optical profilometry (Figure 5). Initially (T=303K) the
scratch width and height extracted from a negative step height function fitting are 26,0 pm and 0.9
um respectively. After Imin at T=Tg=383K no significant modification of the morphology can be
seen. After Imin at T=Tmax=413K the width of the scratch decreases to 18,1 um demonstrating
the recovery of the scratch (70%) due to a drastic decrease of viscosity of the polymer at this
temperature.s4
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Figure 5. Optical profilometry image of a scratch made on a supported PS-783k (h=0.9pum) film as

function of the substrate temperature and corresponding average profiles and fits showing

The second finding that supports a significant alteration in chain dynamics at Tmax, leading to
polymer flow, is derived from our previous research on synthesized amorphous azobenzene
polymers exhibiting liquid-crystal properties. Our study demonstrated that at T=Tmax, a transition
from solid to liquid was observed, and Tmax corresponds to the nematic-isotropic transition

temperature, where the liquid crystal structure is lost.>

All these experimental results tend to show that Tmax may be seen as the beginning of a rubber td \
liquid phase transition temperature of the polymer film. However, due to the inability to establish
time-temperature scaling in this study, the hypothesis that this transition concludes at the crossover

temperature (Tc) remains unconfirmed.
Confinement effect

Numerous previous studies have shown that reducing film thickness below 100 nm can lead for
PS supported film on SiOx substrate to a decrease in the measured Tg until film thickness is below
~10 nm where Tg values remained constant, around 355 K.>7 Since, for this system, it is accepted
that after annealing the substrate/PS interactions are weak and do not influence the chain
dynamics,*®>° the origin of this decrease is the presence of a surface mobile layer where the chain

mobility is enhanced and lead to a “surface Tg” close to 350-360 K.
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Figure 6. Pull-off force vs. temperature curves for thin film (h<20nm) of different Mn

Table 2. Measured Tg, Tmax and Tmax/Tg ratio extracted from Figure 6

Tg Tmax
Tmax/Tg
(K] K]
783k 356(2) 401(2) 1.13(0.01)
996k 354(2) 400(2) 1.13(0.01)
1500k 351(2) 400(2) 1.14(0.01)




Figure 6 shows the pull-off force vs. temperature curves obtained for different PS films with
different Mn and thicknesses below 20 nm. Compared to thicker film (Table 1), all the films show
a decrease in Tg (15 to 20K) characteristic of the confinement effect (Table 2). The independence
of the Tg depression with Mn agrees with previous work.’? Tmax value also decreases compared to
thicker films and an increase in the Tmax/Tg ratio up to 1.13 is observed. Several theoretical works
have linked the value of Tc/Tg to the fragility of the glass former. Polymer fragility (m) quantifies
the rate at which relaxation time (or viscosity) rises as temperature decreases toward Tg, compared
to an ideal Arrhenius behaviour. In polymers, the ratio Tc/Tg is known to grow when m decrease.’
Since the fragility of PS is known to decrease with film thickness,*® the observed elevation in the

Tmax/Tg_ratio under conditions of confinement appears to corroborate the hypothesis that Tmax may

be intrinsically related to Tc. Nevertheless, comprehensive time- and temperature-dependent

investigations are warranted to substantiate this putative correspondence. the-observed-inerease-in

Conclusion

By performing AFM pull-off force measurements as a function of temperature, the presence of
a temperature at which the pull-off force is maximum (Tmax) has been demonstrated over a wide
range of amorphous polymers. Nano-DMA measurements have demonstrated the link between
Tmax and the fibril formation during the adhesion process and the polymer viscosity. Overall, Tmax
corresponds to a mechanical optimum of cohesive fibrillation during debonding, arising from a
balance between chain mobility and viscous dissipation. Measurements performed on supported

monodisperse PS films with controlled thicknesses demonstrated that regardless of the film
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thickness (i.e., with or without confinement effect), the Tmax/Tg ratio is independent of Mn.
However, this ratio rises when the films are confined. To interpret these results, we propose that
Tmax can be seen as the onset temperature of the rubber-liquid transition.;—which—ends—at-the
erossover—temperature—(Te)predicted-by—the MCTtheory. Even if further work is required to
support such claims, the influence of polymer fragility on this transition appears to play a
significant role. The possible relation between Tmax and the crossover temperature (Tc) predicted
by the MCT theory deserve to be investigated. To the best of our knowledge, this is the first study
to investigate the effect of confinement on the rubber-to-liquid transition in polymer films. Further
studies are needed to accurately characterize the position of this characteristic temperature and its
dependence on polymer properties (chemistry, dispersity, etc.) or to elucidate its molecular origin.
The methodology developed in the present study constitutes a novel experimental approach for
investigating the rubber-to-liquid transition in polymers, with significant potential applications
across diverse fields of polymer science. In the domain of polymer adhesives, adhesion properties
are optimized at this characteristic temperature, while the approach also holds relevance in

polymer processing.
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Figure S1

Glass temperature transitions (Tg) measured by DSC of the PS samples used in this work
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Figure S2

Influence of AFM tip geometry, chemical nature and stiffness on the detection of Tmax for a PS-
783k (h=114nm) film.
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Figure S3

Evolution of the approach-retracting force distance curves with temperature.
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Figure S4

Evolution with approach-retraction frequency of the pull-off force vs temperatures curves for a PS-783k

(h=108nm) and corresponding WLF curve fitting of the measured Tpax
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Figure S5

Pull-oft force vs. temperature for PS, iPMMA and PBMA films supported on SiOx with different Mn and

film thicknesses. Dash and full vertical lines indicate bulk Tg and Tmax respectively
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