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We utilized fast scanning calorimetry to characterize the glass _m>
transition temperature (Tg) and intrinsic molecular mobility of low-molecular- T, and relaxation time
weight poly(n-butyl methacrylate) thin films of varying thicknesses. We found that
the T, and intrinsic molecular mobility were coupled, showing no film thickness- Effective viscosity

dependent variation. We further employed a unique noncontact capillary
nanoshearing technique to directly probe layer-resolved gradients in the
rheological response of these films. We found that layer-resolved shear mobility
was enhanced with a reduction in film thickness, whereas the effective viscosity
decreased. Our results highlight the importance of polymer—substrate attractive
interactions and free surface-promoted enhanced mobility, establishing a
competitive nanoconfinement effect in poly(n-butyl methacrylate) thin films. Moreover, the findings indicate a decoupling in the
thickness)—dependent variation of T, and intrinsic molecular mobility with the mechanical responses (shear mobility and effective
viscosity).
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temperature is defined as the temperature at which the
relaxation time attains a value normally between 1 and 1000
s.'”7'” On the contrary, the glass transition can be seen from
the viewpoint of the transformation of a melt into a glass, also
addressed as vitrification. This is generally marked by a
discontinuous change in specific heat at T,, resulting in a
change in the temperature dependence of enthalpy, specific
volume, entropy, and density, further affecting material
properties like stiffness.”'”'*'® Despite the conceptual differ-
ence, there exist numerous attempts to connect the film
thickness-dependent T, to molecular mobility, diffusion,
viscosity, and stiffness.*'” However, it appears that building
such a nexus in thin films where each of the properties
correlate with a simple meaningful interdependence with T, is
nonexistent. There exist many anomalous phenomenological
observations, such as decoupling between segmental dynamics
and Tg17’20’21 and anomalous broadening of Tg.zz_24

Since its first perception nearly three decades ago,' it has been
widely accepted that geometrical confinement may alter the
glass transition temperature (T,) of thin glassy polymer films
with respect to the bulk, as a result of perturbations induced by
interfacial interactions at the substrate and the presence of a
free surface.”™"" The effect of competing interfaces further led
to several important findings, such as interfacial gradients in
Tg,6 viscosity,lz_14 shear mobility,13 and structural relaxa-
tion.'”"> Moreover, recent important developments show that
interfacial mobility gradients can lead to rubbery surfaces on
top of polymer glasses'' and that the progressive irreversible
adsorption of polymers at substrate can erase film thickness-
dependent T, reductions.” While such investigations are rooted
in deep intellectual interest to better understand the glass
transition of polymers under geometrical confinement, it has

also great importance for what concerns the knowledge for . o .
Lo . . . . Decoupling of dynamics in glass formers is a well-known
fabrication, processing, and storing of coatings, devices, and

817,25 . . o .
structures where polymers are exposed to nanoscale interfaces phenomenon; o ﬁ,mt’ the typlcel disparity in the tm,le
shared with nonpolymeric substances.”® scales of a-relaxation time (responsible for Tg) and chain

Molecular mobility in confined polymers related to the glass
transition is often loosely defined. It can be a measure of
relaxation processes, connected to the segmental-level motion March 26, 2022 POLYMERS™
of polymer chains. In this case, spontaneous fluctuations are May 31, 2022 i
considered, which can only be characterized if small June 13, 2022
perturbations, such as small temperature jumps, are applied June 30, 2022
to the system. This can be further connected to diffusion and
viscosity.”'” From the dynamic picture, the glass transition

diffusion for long-chain polymers (involving reptation, the time
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scale of which is in general several orders magnitude larger
than the a-relaxation time) illustrates decoupling of local vs
global chain dynamics.'”"®*°

Decoupling of dynamics takes an interesting yet debatable
outlook when discussed within the context of conflicting
thickness-dependent glass transition dynamics of glassy thin
films.>' 1720252728 Several dielectric spectroscopy investiga-
tions confirmed the presence of bulklike segmental dynamics
for polymers even under severe confinement.””*' This led
Cangialosi and co-workers to put forward an alternate
explanation to the variation of T, via the free volume hole
diffusion model;'”***° specifically, confined films having larger
ratios of the free surface to volume facilitate greater free
volume holes diffusion to the surface for annihilation. In
another way, enhanced free surface mobility in polymer films
assists the release of free volume holes.”® This implies that
equilibrium is maintained at lower temperatures, thus resulting
in depressed T, Importantly, the free surface effect can be
erased’ by puttlng the film in contact with an adsorbing
interface, resulting in an insurmountable barrier to free volume
release.”” !

Decoupling of viscosity from T, in thin glassy polymer films
has been frequently observed. Bodiguel and Fretigny reported
that the reduction in viscosity in thin polystyrene films atop
liquid substrate was not coupled with the reduction in T,
shown by supported polystyrene thin films.*” Very recently, Xu
et al. showed evidence of the decoupled role of film thickness
and polymer—substrate interfacial effects in poly(methyl
methacrylate) (PMMA) thin films.”® As per their findings,
thin films with dissimilar thicknesses and interfacial properties
can have the same T, but very different thermal expansivity,
thus signifying interfacial interactions as the dominant
contributor over film thickness to decide the Tg.28 This
observation aligns with an earlier view of Vogt and co-
workers,”> where an increase in alkyl group size in poly(alkyl
methacrylates) led to more prominent decoupling between T,
and the coefficient of thermal expansion. Tsui and co-workers
observed a thickness-independent diffusion coefficient and T,
in poly(isobutyl methacrylate) (PIBMA) thin films, while the
effective viscosity decreased systematically below the SO0 nm
film thickness.'* If we envisage that diffusion and viscosity in
thin films depend on similar kinds of transport phenomena
involving local segmental friction and slippage, this is rather
surprising. These observations surely resurface recent
important questions: “Why we need to look beyond the glass
transition temperature to characterize the dynamics of thin
supported polymer films?”** and “When does a glass transition
temperature not signify a glass transition2”*®

In the present work, we show a scenario of thickness-
invariant T, and intrinsic molecular mobility in low-molecular-
weight poly(n-butyl methacrylate) (PNBMA) films of various
thicknesses, measured through fast scanning calorimetry
(FSC). Further, we apply the film depth-resolved NCNS
(noncontact capillary nanoshearing) technique by tracking a
step-edge profile in the film under gas flow-induced shear
deformation to find the shear mobility and effective viscosity."*
We find that shear mobility inside a film increases from the
bulk to the free surface, which further leads to a reduction in
effective viscosity upon approaching the film surface.
Comparing films of different thicknesses after certain durations
of NCNS, we found that shear mobility enhances with
decreasing film thickness, which is most prominent for the
thinnest film. This corresponds to a similar extent of reduction
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in effective viscosity upon a decrease in film thickness,
supporting earlier work on PIBMA.'* Overall, our results
suggest that polymer—substrate attractive interactions and free-
surface-promoted enhanced mobility impart a competitive
nanoconfinement effects on poly(n-butyl methacrylate) thin
films. In summary, we observed a decoupling between the
thickness dependence of glassy dynamics (T, and intrinsic
molecular mobility) and mechanical response fshear mobility
and effective viscosity) in PNBMA thin films.

Poly(n-butyl methacrylate) (PNBMA, M,, = 2.8 kD, M,,/M, < 1.1,
PSS Polymer Standards Service GmbH, Germany) solutions in
toluene at varying concentrations were spin-coated to obtain films of
variable thicknesses: 22, 45, 90, and 125 nm. In NCNS experiments,
we used as-received Si/SiO, (100) wafer as the substrate for spin-
coating, whereas fast scanning calorimetry (FSC) experiments were
carried out with a Flash DSC1, Mettler-Toledo, under ~20 ml/min
nitrogen flux equipped with an intracooler allowing temperature
control between —90 and 450 °C.*° The Flash DSCI relies on chip
technology, where micron-thick membranes are employed, thereby
drastically reducing the overall mass setup with respect to standard
calorimetry. Sample masses were reduced from sub-micrograms to
nanograms. This kind of setup permits heating/cooling rates ranging
from 0.1 to several thousand K/s. Samples were spin-coated on the
backside of conditioned UFS-1 sensors (Mettler-Toledo).”” The
sensor is made of two identical squared membranes, whose backside is
covered by silicon oxide, deposited on top of an aluminum core.
Hence, the portion of the sensor in touch with the polymer is SiO,.
Characterization of the intrinsic molecular mobility was performed by
determining the complex specific heat capacity, Cf (), through the
step response analysis.””*®*" The thermal protocol for such analysis
consists of a temperature increase of 2 K followed by isotherms of
durations 0.1 and 0.5 s during which the instantaneous heat flow rate
HF(t) is recorded. HF(t) and cooling rate f.(t) are Fourier-
transformed to determine the complex specific heat

/Ot"HF(t) exp(—iwt)dt
/Otv/;_(t) exp(—iwt)dt (1)

Using this transformation, the complex specific heat is obtained at the

Cp (w) =

. . 27k . .
base frequency and higher harmonics: w = ti, where k is an integer
P

and ¢, is the duration of the temperature step plus the isotherm. We
explored the frequency range within 2—100 Hz by changing ¢, via
accessing higher harmonics. The 2 K temperature jump assures
linearity of the measurement, as temperature fluctuations are generally
larger than 2 K, and thereby, higher-order contributions to C, are
generally negligible. Thus, intrinsic molecular mobility is accessed by
this method. This procedure can show complex specific heat: C¥ = C]
+ iC;. Using it the reversing specific heat, C, ., = ( C{,Z +iCy N 2yas
obtained. This is different from the total specific heat C,, as it does
not contain non-reversing contributions to the speaﬁc heat, that is,
those associated with the kinetics of (de)vitrification.”” Hence, Corev
provides a baseline-corrected estimation of C, g and C,jquid-
Moreover, C, ., almost coincides with C;, as the latter is generally
at least one order of magnitude larger than Cy. >

FSC experiments were also used to charactenze the cooling rate-
dependent fictive temperature (T;), which provides insights into
vitrification kinetics. It is worth noticing that for samples cooled and
heated at the same rate, the glass T essentially coincides with the
T,.*° Samples of all thicknesses were cooled at different rates between
1 and 1000 K/s and immediately heated at 5000 K/s for data
recording. To obtain Ty heating scans were analyzed via the
Moynihan method,*' which mathematically reads

T t
/]:* (Cp,melt - Cp,glass)dez /1:* (Cp )dT

p, glass

)
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Figure 1. Fast scanning calorimetry (FSC) studies of PNBMA 2.8 kD films. (a) Glass transition temperature (Tg) for all different film thicknesses
taken during the second heating of samples, where the heating and cooling rate is /3. = 5000 K-s~*. We found T, (22 nm) = 19.5 °C, T, (45 nm) =
20.5 °C, T, (90 nm) = 21 °C, and T, (125 nm) = 21 °C. The error bar for repeated measurements including nominally similar samples is 1.5 °C.
(b—c) Specific heat versus temperature upon heating at 1000 K-s™ after cooling at the indicated rates for the thinnest ((b) & = 22 nm) and thickest

((c) h = 125 nm) films studied.
where C,, Cymep and Cp g, are the specific heat resulting from the
heating scan, melt, and glass, respectively. Here, T’ is a temperature
above the transition region at which the heat capacity is equal to the
equilibrium melt value, C, 1y and T* is a temperature well below the
glass transition region., where C, equals C, g

The basis of the NCNS method relies on measuring polymer
deformation under shear induced by the gas flow. It is a modified
version of the blow-off method classically used to determine shear
mobility of boundary liquids over a surface,"”””** here with added
temperature controlling measurement. As detailed in our previous
work on NCNS, thin PNBMA films supported atop a solid Si/SiO,
substrate are placed inside a microchannel at 45 °C (ca. Tepuk + 24
°C). Microchannel dimensions ensure laminar gas (dry pure
nitrogen) flow inside the flow cell.*** Gas source and flow cell are
both capable of temperature control up to 130 °C. Gas flow imparts
shear stress on the film which can be calculated via the Hagen—
Poiseuille relationshipl3‘43 as 6 = APd/2L, where d and L are
geometric parameters of the cell, and pressure drop AP can be
monitored through a pressure gauge. Throughout our experiments,
we use shear stress ¢ = 174 Pa, with the following geometrical
parameters of flow cell (channel dimensions: d = 60 ym, L = 19 mm)
and pressure drop AP = 16 psi. A detailed description of the flow cell
and apparatus assembly can be found in our earlier work introducing
the NCNS technique in detail."?

We consider a mechanically cut sharp step-edge in each of our
PNBMA films to shear using the above protocol, as response time-
dependent deformation of the film can be followed by monitoring the
time evolution of the film (step-edge) profile via atomic force
microscopy (AFM). It enables calculating viscoelastic responses by a
layer-by-layer approach. Typically, areas of 10 X SO mm?® in the
topographic images were analyzed to obtain the data of the film
profile. The raw data of the film profile acquired from AFM images
were smoothed by fitting to second-order polynomials prior to
computing shear mobility, as explained later in the Results and
Discussion section. The obtained fit functions were considered to
smoothly interpolate over the data range with desired increments,
from the substrate to free surface (or from the free surface to
substrate) along the film thickness that was subsequently utilized for
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layer-by-layer analysis to calculate the shear mobility and effective
viscosity. The layer-average shear mobility was computed taking the
mean of shear data considering the entire range of film thickness
undergoing NCNS, termed mean shear mobility. We consider that
any tilt (AX) in NCNS step-edge (see Figure 4) is solely due to the
shear stress imposed by the gas flow and clearly disentangle the role of
NCNS from the possible associated processes, e.g., capillary leveling*®
and dewetting,46 as detailed in our earlier work.”

Tg's of all films have been measured while heating each of the
samples at 5000 K s™'. To remove the preparation-induced
nonequilibrium in polymer chain conformations,**” second
heating cycles have been considered, after initial heating and
cooling cycles (both at 5000 K s™"). We found that T, values,
taken as the temperature corresponding to the midpoint of the
specific heat step for all of the film thicknesses, are nearly
identical at ca. 21 °C (see Figure la). This is comparable to
the T, of the bulk polymer. Invariant global-T, with the film
thickness of pol?r(butgllmethacrylates) atop Si/SiO, has been
reported earlier.'*>**° Priestley et al. showed a 6 °C decrease
in the local-T, at the free surface on a 14 nm thick
fluorescently labeled PIBMA layer, while that at the substrate
surface was enhanced by S5 °C.** As per the current
understanding, substrate effects based on attractive interactions
via hydrogen bonding between the polymer and silica surface
may result in an increase or decrease in ng depending on the
packing frustration in the polymer film.”” At the immediate
proximity of the substrate, even the presence of immobilized
polymer fraction cannot avoid the generation of packing
frustration penetrating inside the core of the film.”” In such
cases, packing frustration acts as the source of free volume and
induces the same effect on confinement imposed by free
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Figure 2. Reversing specific heat (C,.,) obtained from step response analysis versus temperature (a) as a function of frequency on a film with
thickness 4 = 125 nm and (b) varying film thicknesses at a fixed frequency of 100 Hz.

surfaces imparting some enhanced dynamics, leading to a
decrease in T,. Altogether, these considerations would
anticipate a distribution of T’s in the film.**

A more comprehensive characterization of the vitrification
behavior is obtained from the cooling rate and thickness-
dependent T Figure 1b,c shows the specific heat scans of h =
22 and 125 nm films, respectively, obtained by FSC upon
heating at 1000 K-s™' after cooling at the indicated rates. By
decreasing the cooling rate, a gradual increase in intensity in
the overshoot is evident. It appears that the cooling rate-
dependent enhancement of overshoot intensity is comparable
for both film thicknesses, indicating a thickness-independent
scenario. Data in Figure 1b,c were analyzed via the Moynihan
method, cf. eq 2, to obtain Ty As can be observed later, T} is
independent of the film thickness over the entire investigated
cooling rate range.

Figure 2a depicts the frequency-dependent variation of
reversing specific heat (Cp,rev) vs temperature obtained from
step response analysis by FSC after Fourier transforming
HF(t) and q(t) for the film with & = 125 nm as a showcase.
This procedure delivers the frequency-dependent complex
specific heat. As expected, increasing the frequency results in a
shift toward higher temperatures of C, ~ C, ., step. Figure 2b
shows the C,., at a frequency of 100 Hz for the films of
thicknesses h = 22, 45, and 125 nm. From Figure 2b, we can
conclude that all curves essentially collapse with each other,
indicating that, at this frequency, the intrinsic molecular
mobility is nearly invariant with the sample size (i.e., film
thickness).

The size (film thickness) and frequency dependence on the
relaxation time (7) is shown in Figure 3, where plots of the
reciprocal of 7 as a function of the inverse of the temperature
are shown (left axis). Here, 7 is considered from the midpoint
of the step of the real part of the specific heat (C;) or
equivalently the reversing specific heat (Cp,rev)-27'39 As can be
observed, 7 exhibits the same temperature dependence of the
cooling rate (f, right axis) dependent Tz For all film
thicknesses, the Vogel—Fulcher—Tammann (VFT) equation
z=A + B/(T—T,),”” where z can be either log A7) or log 1,
can be applied. We can see identical B, A, and T, are sufficient
to fit 7 and cooling-rate-dependent T}, showing a connection
between molecular mobility and vitrification behavior.”" This
result indicates complete coupling between molecular mobility
and vitrification kinetics. Moreover, the results shown in Figure
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Figure 3. (Left axis) Reciprocal of the relaxation time as a function of
the inverse temperature obtained considering the midpoint of the step
of the reversing specific heat. Results are obtained from step response
analysis on PNBMA 2.8 kD films of thickness h = 22, 45, and 125 nm
at varying temperatures. (Right axis) Cooling rate-dependent T
obtained through the Moynihan method*' for the same films. The
solid line represents the Vogel—Fulcher—Tammann fit to the
reciprocal relaxation time (77!, left axis) and cooling rate (., right
axis) with parameters B = 1100 K, T, = 235 K, and A = 15 for both
77! and for .

3 indicate film thickness-invariant molecular dynamics
throughout the whole investigated temperature range. We
anticipate the reason behind this observation stands on effects
resulting from PNBMA attractive interaction with the
substrate, leading to irreversible adsorption of polymer chains
resulting in inefficient removal of free volume from the free
interface.”” This finally results in the erasure of surface effects
in polymer nanoconfinement leading to thickness-invariant
dynamics.”**

While our ESC studies clearly pointed out film thickness-
independent T, and intrinsic molecular mobility, NCNS can
measure spatially resolved time-dependent viscoelastic re-
sponse of ultrathin polymer films supported atop a substrate."
The idea behind utilizing NCNS for the current work is more
relevant, seeing a position-dependent local-T, reported in
PIBMA films.** While in our present work the global-T, of the

entire film and relaxation dynamics do not show any film
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Figure 4. NCNS of PNBMA 2.8 kD, 22 nm film at 45 °C (ca. Tobulk + 24 °C). Applied shear stress during NCNS ¢ = 174 Pa. (a) Tapping mode
AFM height profiles with varying shear time in the figure legends. Rim formation at the top is due to instability on the nonwettable substrate. It is
not considered a region of interest for determining the deformation (tilt) of the step-edge profile. Gradual tilting of the step-edge profile with time
shows the effect of the shear stress, exhibiting a notable impact of shear as established by tilted profiles (shifted and superposed to the step-edge
origin). (b) Amount of lateral deformation (tilt) in the step-edge (AX) upon shearing, as shown gradually in panel (a) as AX; to AXy at a

particular thickness hy."

thickness dependence, we put effort into exploring the
capability of NCNS tool to obtain spatially resolved properties
in substrate-supported PNBMA films to correlate with their
intrinsic molecular mobility and T,.

Figure 4a shows the shape of the step-edge profile changes
by applied shear stress (¢ = 174 Pa), showing an increment in
deformation (tilt AX) with the duration of shearing. Shape
change shows a strong dependence on depth within the film,
with large deformations near the free surface decreasing toward
the substrate. These observations suggest the existence of
regions of enhanced and reduced mobility at the free surface
and substrate interface, respectively. Figure 4b is obtained from
Figure 4a, where the lateral deformation (AX) from the
undeformed step-edge (represented as prescan in Figure 4a)
has been computed in a layer-resolved way, as described in
earlier work."

We can calculate layer-resolved shear mobility yg(h) as a
function of film thickness as'>**

AX(h)

%, (h) 3)
where AX(h) is the lateral deformation at height & from the
substrate, o is the applied shear stress, and t is the time elapsed
since the start of shear. Gradual deformation upon the
increasing duration of shearing ensures a gradual enhancement
in shear mobility. Still, to compare film thickness dependence
of shear mobility, it is essential to follow shear mobility after a
certain duration of application of shear stress. Figure 5 shows
the layer-resolved shear mobility in PNBMA films of different
thicknesses after 30 min of shearing (¢ = 174 Pa).

From Figure S, we can see monotonic thickness dependence
of shear mobility, in which thinner films have higher shear
mobility. Here, the thinnest 4 = 22 nm film shows the largest
increase in shear mobility. The two intermediate film
thicknesses (h = 45 and 90 nm) show comparable shear
mobility, at least until ca. 25 nm distance from the substrate.
The thickest film (h = 125 nm) showed further slightly
lowered shear mobility. The ca. 20 nm region at the substrate’s
vicinity has closely comparable shear mobility for all of the
films, except the thinnest & = 22 nm film. The above
observation indicates the dominantly stand-out behavior of the
thinnest (h = 22 nm) film. This can be explained considering
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shearing, under shear stress 6 = 174 Pa at 4S5 °C (ca. Tobuk + 24 °C),;
1/slope is representing the effective viscosity for each of the film
thicknesses.

the competitive contribution of the free surface effect and
attractive interaction between PNBMA-Si/SiO,.”” The impact
of substrate interaction propagates to the free surface even for
the 125 nm thick film, where the shear mobility is much
smaller than that of the 22 nm film. Such contributions should
generally fade out for relatively thicker films due to the larger
distance between the film free surface and substrate interface,’
imparting greater response on the movement of molecules
upon NCNS.® If we consider the free surface effect, we can say
it is more pronounced in the thinnest 22 nm film, imparting
enhanced intrinsic molecular mobility, one of the most
acceptable views in thin confined polymer films."** Surpris-
ingly, this is apparently against the thickness-independent T,
values we found in thin films that are comparable to Ty, and
have comparable intrinsic molecular mobility irrespective of
film thickness.

Observation of film thickness-de?endent shear mobility,
qualitatively, agrees with experiment” and molecular dynamics
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simulation®” studies considering blow-off driven shear proper-
ties of ultrathin lubricant films as a boundary liquid on a solid
substrate. A recent theoretical framework by George et al.>*
showed an inverse relationship between in-plane shear
modulus and film thickness for polymer films. The provided
shear modulus restricts shear mobility; we arrive at a similar
conclusion qualitatively. However, interestingly, our experi-
ments rely on the role of substrate, whereas their theoretical
studies™ considered freestanding polymer films. Indeed, this
observation glorifies the free surface’s role in generating
gradient shear mobility across film thickness.

The effective viscosity (17.4) in such films can be calculated
as the inverse of slopes ** in shear mobility vs film thickness
plots (see Figure S) as

dy, (h)

dh (4)
We found a thickness-dependent monotonic variation of
effective viscosity, which decreases upon film thickness

reduction, all lying within the same order of magnitude of
10 Pa-s (see Figure 6). Here, the thinnest film showing the
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Figure 6. Effective viscosity as a function of film thickness in the
PNBMA 2.8 kD film after 30 min of NCNS. Film thicknesses under
consideration: h = 22, 45, 90, and 125 nm under shear stress ¢ = 174
Pa at 45 °C (ca. Ty b + 24 °C).

lowest viscosity (and the highest shear mobility) agrees with
the film confinement assisted enhanced mobility. Still, in a
larger scenario, this picture does not correlate with the
observations like thickness-invariant T, or intrinsic molecular
mobility we have already shown in our experiments through
ESC.

Viscosity studies in poly(alkyl methacrylate) thin films are
relatively less. A recent report by Tsui and co-workers on
PIBMA put forth a scenario of conflicting confinement where
films’ effective viscosity decreased upon reducing thickness
below ca. 50 nm, but the in-plane dye probe diffusion
coefficient and T, did not differ from bulk.'* It is worth
mentioning that their effective viscosity was the result of
calculations via a three-layer model. Also, our experimental
observations on PNBMA films add a different perspective on
the thickness-dependent variation of effective viscosity and
shear mobility. If we compare experimental observations and
the recent work by Xu et al. on PMMA thin films, there is a
qualitative agreement.”® They found that film thickness
reduction led to increased thermal expansivity, whereas it
contributed to an enhancement in T, In our present
experiment, we found that film thickness reduction does not
alter T, and leads to decreased effective viscosity and enhanced
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shear mobility in PNBMA films. Thickness-invariant T, and
further increased tendency of decoupled thermal expansion
behavior with T, are well anticipated for PNBMA, having
considerable chain stiffness, leading to diminished nano-
confinement effects.”

One could anticipate that a direct comparison of position-
dependent local mechanical responses (shear mobility and
effective viscosity) and position-dependent local-T, would
have been more appropriate for showing thickness-dependent
decoupled dynamics. However, it is well known from
fluorescence labeling studies that such a position-dependent
variation of local-T,, in the PNBMA film is improbable, as it is
less suscegtible to the presence of the substrate or glassier
interface.’® As a result, in our FSC experiments, we found
invariant global-T, and intrinsic molecular mobility. This is in
agreement with global-T, measurements performed bgf the
fluorescence labeling technique in PIBMA thin films.'**" It is
also worth considering that position-dependent T, would
result in a broadening of glass transition, resulting from faster
free surface layers and those close to the buried interface
(de)vitrifying at lower and higher temperatures, respectively.
Moreover, while in our NCNS experiments, effective viscosity
can be represented both in terms of continuum flow- and
shear-driven motion in films where local changes in thickness
are only due to shear flow, it also represents a collective
behavior of momentum transferred across the film under shear

d‘;(:). Here, v(h) is the velocity of the

liquid in the direction of applied stress at a distance h from the
liquid—solid interface and 7(h) is the dynamic viscosity of the
liquid at h. Integration of the above equation over the film
thickness under no-slip boundary conditions at the solid—
liquid interface can give an effective viscosity representing the
global film thickness.**

stress ¢ as o = 1(h)

To conclude, our results emphasize the importance of the
competitive role of the free surface and substrate interface,
specifically its interaction with the polymer, perturbing
intrinsic molecular mobility, glass transition, and shear
response of poly(n-butyl methacrylate) thin films. Our results
show thickness-invariant glass transition temperature and
intrinsic molecular mobility. In contrast, response to shear in
such films in terms of shear mobility and effective viscosity
shows a film thickness-dependent scenario, implying that the
competitive contribution of the free film surface and substrate
interface leads to a position-dependent interdependence. Our
observation of layer-resolved shear mobility and effective
viscosity clearly indicates that the former enhances upon
reduction of film thickness, whereas the latter decreases. This is
in accordance with the well-established view of the dominant
role of the film free surface in enhancing molecular mobility in
confined films. This scenario along with the calorimetric
observation of thickness-invariant glass transition dynamics
and glass transition temperature invokes the possibility of
substrate interaction perturbing molecular mobility in these
films. This idea is also supported by the effective viscosity
values observed in these films. Shear mobility measures how
easily the molecules in a layer parallel to the free surface can be
moved in the horizontal plane. In our case, it can be possibly
linked to lateral transport (segmental diffusion) of polymer
chains. Hence, broadly speaking, if one assumes it as a measure
of generalized molecular mobility that might impact the glass
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transition of polymer films, we have clearly observed a
decoupling between thickness-dependent shear mobility with
intrinsic molecular mobility and glass transition temperature.
Our observation underpins the fact that even a coupled
dynamics of glass transition temperature and intrinsic
molecular mobility with film thickness can lead to a decoupled
shear mobility (and effective viscosity) response in thin poly(n-
butyl methacrylate) films. This is another aspect of decoupling
in dynamic molecular processes related to glass transition in
substrate-supported confined polymer films.
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