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Interfacial wetting-induced nanorheology of thin polymer films
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The rheological response and chain dynamics of thin polymer films underpin nanoscale polymer processing,
yet molecular confinement alters such behavior. Using the interfacial wetting force of an immiscible liquid
droplet to deform the films and linear elastic theory to describe the time evolution of the deformation profile,
we demonstrated that the linear viscoelastic spectra, i.e., the frequency-dependent storage and loss moduli, of
nanoscale polymer films are experimentally accessible over a wide frequency range. Our measurements on
polystyrene nanofilms evidence an acceleration of polymer diffusion at a large confining length scale, i.e., at film
thicknesses of hundreds of nanometers. This long-range perturbation in chain dynamics was interpreted as the
fast relaxation of surface chains with reduced entanglements provoking loosening of entanglement constraints
of the underlying chains, allowing the accelerated reptation mobility at the surface to extend deeply into the
film interior. This suggests a surface-induced constraint release effect dominating the dynamics and rheology of
polymers confined at a large length scale.
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I. INTRODUCTION

Advances in modern technology rely on the ability to fab-
ricate sophisticated nanostructures that require fine control of
rheological behavior of materials when confined at various
length scales. The rheological response and dynamics of thin
polymer films determine the means and conditions for fabri-
cating stable nanostructures with diverse morphologies [1–3].
Since the early 1990s, the dynamics of confined polymers
have been explored to better understand the molecular behav-
ior of nanomaterials [4–11]. The glass transition temperature
(Tg), which is associated with segmental relaxation, is de-
pressed in supported and freestanding films with thicknesses
<100 nm [12–17]; the rubbery response, pertinent to the
relaxation of entanglement strands, stiffens by increasing the
plateau modulus in both entangled and unentangled polymer
films [18–20]. The terminal relaxation of entangled chains
speeds up in thin films with a thickness of ∼10 Rg [21–24],
whereas large-strain squeeze flow increases in highly confined
films thinner than the coil size [25]. These observations of
changes in segment and chain dynamics due to confinement
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at different sizes suggest that polymer dynamics at different
length scales may not be equally sensitive to confinement.
This presents challenges in building a consistent image of the
dynamics of confined polymers because the glass transition
and rubbery and terminal responses at different parts of the
time spectra identified by various experiments appear to be in-
compatible with each other in the framework of existing theo-
ries. This continues to inspire the need to develop technologies
to assess global spectra of relaxation times to comprehend the
unusual dynamic properties of confined polymers.

The linear viscoelastic (LVE) spectrum, based on the
frequency-dependent storage and loss moduli [G′(ω) and
G′′(ω), respectively], which carries information about most
relaxation processes, allows the assessment of global dynam-
ics over multiple molecular length scales spanning a wide
time domain from the glass transition to the terminal zone
[26,27]. Although broad LVE spectra have been measured for
bulk polymers using standard rheometers that directly gener-
ate G′(ω) and G′′(ω) [28], the LVE spectra of thin polymer
films, particularly nanoscale films coated on solid substrates,
are difficult to obtain [29]. Based on our previous findings
of surface creep as a result of interfacial wetting [30], and
inspired by the investigations using liquid capillarity to as-
sess polymer dynamics [31–34], we developed a thin-film
nanorheology technique which generates the G′(ω) and G′′(ω)
of polymer films on solid substrates by monitoring the time
evolution of ridgelike deformations, called “wetting ridges,”
generated by wetting of a liquid droplet on the film surface.
This paper describes the measurement and analysis of the
wetting ridges, validates the proposed approach using 600 nm
thick films as confinement-free models, and importantly, we
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FIG. 1. Illustration of the elastocapillary deformation. Panels (a)–(c) show substrate-droplet configurations in the capillary-dominant
(R < le), capillary-to-elasticity transition (R ∼ le), and elasticity-dominant (R > le) regimes, respectively. (d) AFM image showing defor-
mations caused by droplets of different sizes on the surface of a 600 nm thick PS film with a molecular weight of 282 kg/mol (PS282k); (e), (f)
cross-sectional AFM profiles of surface deformations marked by 1 and 2 in panel (d). Specifically, deformations were formed at Tg + 15 ◦C by
depositing droplets of various radii on the film surfaces, and AFM images were acquired after quenching the films and removing the droplets.

investigate the effect of confinement on the viscoelastic re-
laxation of PS films with thicknesses down to 50 nm. We
observed the acceleration of polymer relaxation upon confine-
ment in the submicron thick polymer films, and demonstrate
that the confinement-induced variations in chain dynamics can
be consistently represented using the tube-reptation model
with an additional surface-evoked constraint release effect.
This suggests that both confined and unconfined polymer
motions have a common molecular basis, namely, chain
reptation; however, confined polymers experience additional
effects such as a decrease in Tg, a decrease in entanglement,
and a long-range constraint release effect emanating from the
surface, as demonstrated in this study.

II. MATERIALS AND METHODS

A. Materials

Monodisperse polymers of polystyrene (PS), poly(4-
methylstyrene) (P4MS), poly(4-tert-butylstyrene) (PtBS), and
poly(α-methylstyrene) (PαMS) were purchased from Poly-
mer Source, and used as received; see the details of physical
characteristics in Table S1 in the Supplemental Material [35].
The ionic liquid (IL), 1-ethyl-3-methylimidazolium tetrafluo-
roborate ([EMIM]BF4), with a surface tension of 49 mN/m
and a negligible vapor pressure, purchased from Sigma-
Aldrich (Table S2 [35]), was used as the test liquid.

B. Preparation of polymer films

Toluene solutions of polymers were spin coated onto a
silicon wafer covered by a 2.2 nm naturally oxidized layer
to form films with various thicknesses. The thickness of the
films was determined by a spectroscopic ellipsometer (RC2
from J. A. Woollam, USA). The films were then annealed at
50 ◦C above Tg for 72 h under vacuum to remove any residual

solvents and stresses. The Tg values of the polymer films were
determined by a heating scanning at a rate of 5 ◦C/min on the
ellipsometer.

C. Formation and characterization
of the wetting ridge on film surface

We used an ex situ method to assess the surface defor-
mation of films induced by the [EMIM]BF4 droplets sitting
on viscoelastic PS films for various time [36]. In the ex-
periment, polymer films of PS, PtBS, P4MS, or PαMS on
Si wafers were mounted on a hot stage that was preheated
above the respective Tg of the polymers. Two methods were
used to deposit IL droplets onto the surface of the films.
A nebulization-deposition method (i.e., the IL microdroplets
were nebulized through a Venturi nozzle and slowly deposited
onto the film surface by gravity [36]) was used to generate
microdroplets with radius (R) ranging from 0.1 to tens of mi-
crometers to investigate the elastocapillary deformation of the
polymer films as a function of the R or, namely, to acquire the
atomic force microscopy (AFM) images shown in Fig. 1(d).
Meanwhile, to assess the time evolution of the wetting ridge
and to investigate the viscoelastic creep of polymer films, a
large droplet with a volume of 3 μL and a radius of 1.3
mm, which ensures that R � le (le: elastocapillary length)
and the deformation is determined by the polymer mechanics,
was deposited on the film surface using an injection syringe;
Fig. S1 [35] shows the configuration of the droplet on the
polymer film surfaces.

After deposition, the films with droplets atop were covered
with a transparent glass dome to prevent interference of the
external environment. After a time t for the wetting ridge
beneath the drop to develop and grow, the films with the
droplets atop were quenched to freeze the surface ridge by
transferring the hot films onto a cold copper surface. The
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IL droplets on the film surfaces were then washed off us-
ing de-ionized water. The morphology of the exposed ridges
was visualized using atomic force microscopy (AFM, ICON
from Bruker, USA) in the tapping mode at room temperature.
The AFM images were processed using NanoScope Analysis
software to extract the two-dimensional (2D) cross-sectional
profiles of the ridges.

By varying the droplet placement time t and repeating the
measurements as described above, the time evolution of the
wetting ridge profile can be assessed.

D. Rheological tests of bulk polymers

The linear viscoelastic (LVE) spectra of the bulk polymers
were characterized by a small-amplitude oscillatory shear
on a stress-controlled rheometer (MARS60 from HAAKE,
Thermo-Scientific, Germany), equipped with 8 mm parallel
plates. Samples were molded at Tg + 30 ◦C to form disks
of 8 mm diameter and about 1 mm thickness to match the
geometry. Frequency sweep tests were performed at a con-
stant stress of 0.2 kPa within the linear viscoelastic region
at various temperatures. Then, time-temperature superposition
(TTS) was applied to construct master curves for each sample
at selected reference temperatures.

III. RESULTS AND DISCUSSION

A. Liquid wetting-induced film deformation

Our approach is based on partial wetting-induced elasto-
capillary deformation [36–39]. When a liquid droplet rests
on a soft solid, the underlying material is deformed by the
sessile droplet [37–41]. When the droplet radius (R) < le (le:
the elastocapillary lengthl le ≈ γs/G, where γs is the surface
tension and G is the elastic modulus of the solid), the defor-
mation is determined by the balance among three interfacial
tensions at the three-phase contact line to adopt the droplet
as a floating liquid lens [Fig. 1(a)]. Conversely, if R > le
(in the elasticity-dominant regime), the substrate elasticity
determines the deformation. In the latter case, the substrate
is not affected by the droplet, except for a local region near
the contact lines [Figs. 1(c), 1(d), and 1(f)]. In this region, the
upward component of the droplet surface tension (γ sin θ ) is
balanced by the elastic stress of the substrate, resulting in the
formation of a wetting ridge with the height (h) determined by
the substrate elastic modulus [42–44]. In the intermediate case
(R ∼ le), the droplet-substrate shape is characterized by a deep
indentation beneath the droplet surrounded by a circular hump
along the contact line [Figs. 1(b), 1(d), and 1(e)] owing to the
coupled effect of the elasticity and capillarity of the substrate.
The surface deformation caused by liquid wetting provides
an opportunity to investigate the mechanical relaxation of
polymer films by analyzing the time evolution of the wetting
ridge in the elasticity-dominant regime.

B. Nanorheological measurement on the nanofilms

We used hydrophobic monodisperse PS and its deriva-
tives, P4MS, PtBS, and PαMS, as model polymers (see the
physical characteristics of these polymers in Table S1 of
the Supplemental Material [35]) and the hydrophilic IL of

[EMIM]BF4 as the test liquid (Table S2 [35]). The non-
volatile [EMIM]BF4 partially wetted the PS, PtBS, P4MS,
and PαMS films, forming stable contact angles of 72◦−88◦,
which were constant over time (Fig. S1 in the Supplemental
Material [35]). Notably, the polymers were immiscible with
[EMIM]BF4; the Tg values remained constant after mixing
with the IL (Fig. S2 [35]), demonstrating that the IL had no
swelling or plasticizing effect on the polymers. In the exper-
iment, a large IL droplet of 3 µL in volume and 1.3 mm in
radius (R � le = 0.1 − 0.4 µm, Table S1 [35]) was deposited
on the surface of a supported polymer film mounted on a
heating stage at T > Tg to generate a wetting ridge in the
elasticity-dominant regime.

Figure 2(a) shows the AFM morphologies of the wetting
ridges formed at different droplet resting times t . The sur-
face ridge displayed the most substantial deformation at a
horizontal position of x = 0 and underwent a gradual decline
along the x axis before reaching the flat region, Fig. 2(b). The
well-defined ridge profile, H(x), was generated by minimizing
the total free energy, which includes the elastic energy of
polymer deformation and the surface energy relevant to the
film surface elevation [45]. H(x) can be described by a linear
elastic model proposed by Jerison et al. [44] and Style and
Dufresne [46]:

H (x) = h fd (x) = γ sin θ

2πG

∫ ∞

0

cos sx ds

s
(

1+2s2+cosh 2s
−2s+sinh 2s + χs

2

) , (1)

where s is the reciprocal variable of x based on the Hankel
transformation and χ = γsJ/d (d is the film thickness). Equa-
tion (1) demonstrates that, in addition to the film thickness and
liquid surface tension, H(x) is determined by the elastic mod-
ulus (G) or compliance (J; G = 1/J) of the solid. By fitting
the experimental ridge profiles in Fig. 2(c) at various t using
the numerical solution of Eq. (1), the fitting parameter, J(t),
describing the polymer creep can be elucidated. Remarkably,
the J(t) was quantitatively consistent with that obtained using
the shear rheometer (Fig. S3 [35]), suggesting that the rise and
broadening of the ridge over time is explicitly related to the
increase in creep compliance caused by viscoelastic relaxation
of the polymer.

Notably, a solution to Eq. (1) at x = 0 provides a succinct
relationship:

h = kγ sin θ

G
= kγ sin θJ, at x = 0. (2)

where k is a geometrical factor that is independent of the
polymer dynamics (see Eq. (S1) [35] for the expression of
k). This relationship indicates that the time dependence of
the ridge height, h(t ), provides an appropriate representation
of the creep of polymer films, h(t ) = kγ sinθJ (t ). Addi-
tionally, the stress generated by the surface tension (<0.08
MPa) was much smaller than the yield stress of the polymers
(∼101 MPa), confirming a linear viscoelastic response of the
films induced by the liquid capillarity.

To further verify the relationship between h(t ) and J(t),
as well as the polymer dynamics, we superposed the h(t )
curves of PS282k measured at different temperatures to gen-
erate a master curve [Fig. 3(a)] by horizontally shifting the
h(t ) curves using shift factors (aT,W) according to a reference
temperature (Tref ) (see Fig. S4 [35] for the other polymers).
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FIG. 2. Time evolution of wetting ridge profiles. (a) Three-dimensional AFM images of wetting ridges formed on 600 nm thick PS282k
films at 105 ◦C for various t . (b) Illustration of a typical H(x) profile on an elastic solid, described by H (x) = h fd (x), in which h describes the
height of the wetting ridge and fd (x) delineates how the surface deformation decays to become flat. (c) AFM cross-sectional profiles of wetting
ridges on PS282k films formed at various t ; the solid curves are the fitting results using Eq. (1) to obtain the J(t).

The master curves of all the polymers showed a plateau re-
gion at the intermediate timescale, before and after which
the ridges grew with time. The plateau was ascribed to the
transient entanglement network formed among the polymers,
which, according to the linear viscoelasticity of polymers,
prevented the chain molecules from diffusing and macro-
scopically flowing [26,27]. In particular, for PS282k, the
aT,W values, which reflect the growth kinetics of the wetting
ridges, were consistent with the shift factor (aT) describing
the polymer dynamics obtained using small-amplitude oscil-
latory shear tests on a standard rheometer [Fig. 3(b)]. The

temperature dependence of aT,W can be described by the
Williams-Landel-Ferry (WLF) equation [47] (Fig. 3(b) and
S5 [35]), and the dynamic fragility (m) derived from fitting
the parameters of C1 and C2 was consistent with the values
obtained using standard techniques (Table S3 [35]). The good
alignment between the ridge growth kinetics and the polymer
dynamics suggests that the h(t ) master curves represent the
polymer creep at Tref over a broad time range.

Based on the relationship of h(t ) = kγ sin θJ(t), the h(t )
can be converted to the dynamic compliance [J*(ω)] of the
viscoelastic polymers in the unilateral Fourier frequency

FIG. 3. Growth of wetting ridge and polymer dynamics. (a) Master curve of h(t ) at Tref obtained by shifting the h(t ) curves at various
temperatures shown in the inset. The solid red curve represents cubic B-spline interpolation for smoothing the master curve, from which the
α(ω) values in Eq. (5) are derived. (b) Temperature dependence of aT,W and aT for PS, derived from the growth kinetics of the wetting ridges
and measured using a standard rheometer, respectively.
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FIG. 4. Linear viscoelasticity of PS films. (a) LVE spectra for the 600 nm thick PS282k film. The blue circles and gray stars represent
G′ and G′′ obtained using the nanorheology approach and a standard rheometer, respectively. The solid and dashed-dotted curves show the
results of the Baumgaertel-Schausberger-Winter (BSW) fits [51] of the G′(ω) and G′′(ω) data according to Eq. (S9) [35]. (b) Relationships of
τrep/τe ∼ Z3.4 and η0 ∼ Z3.4 for films of PS and PS derivatives (d = 600 nm).

domain [48]:

iωFu[h(t )] = kγ sin θJ∗(ω), (3)

where Fu[h(t )] is the unilateral Fourier transform of h(t ).
Then the dynamic modulus, G∗(ω), is given by [48]

G∗(ω) = 1

J∗(ω)
= kγ sin θ

iωFu[h(t )]
. (4)

We used an algebraic method proposed by Mason [49]
to estimate Fu[h(t )], which expands h(t ) locally around
the frequency ω (t = 1/ω) as a power law, i.e., h(t ) ≈
h(1/ω)[(ωt )α(ω)], and thus

Fu[h(t )] ≈
∫ ∞

0
h

(
1

ω

)
(ωt )α(ω)e−iωt dt

= h(1/ω)
[1 + α(ω)]

ω
e− iπ[1+α(ω)]

2 , (5)

where 
[�] is the gamma function [50] and α(ω) =
(dlogh/dlogt )t=1/ω is obtained as the derivative of the loga-
rithmic h(t ) curve interpolated via cubic B-spline regression
[i.e., the red curve in Fig. 3(a)]. Equation (5) was effective for
calculating Fu[h(t )], because the α value at every ω = 1/t can
be accurately determined based on the interpolated smooth
h(t ) curves; see the red solid curve in Fig. 3(a).

By combining Eqs. (4) and (5), G′(ω) and G′′(ω) were
determined as the real and imaginary parts of the dynamic
modulus, respectively, i.e., G∗(ω) = G′(ω) + iG′′(ω), using
the h(t ) master curves. Figures 4(a) and S6 [35] show
the G′(ω) and G′′(ω) of PS282k and the other polymers
at theirTref ’s. Notably, the LVE spectrum of PS282k over-
lapped almost completely with that measured using a standard
rheometer, confirming the validity and accuracy of our ap-
proach. The frequency at which G′ exceeds G′′ signifies the
Rouse relaxation time of entanglement strands (i.e., τe), and
that where G′′ exceeds G′ indicates the onset of the flow of the
polymer chains by reptation across the entanglement tube (i.e.,
the reptation time, τrep) [27]. The τe and τrep values identified
from our LVE spectra are listed in Table S4 [35].

The complex viscosities of the films were determined as

|η∗| = (G′2 + G′′2)
1/2

/ω, of which the low-frequency asymp-
totic value identifies the zero-shear viscosity (η0) [48], (Fig.
S7 [35]). We plotted η0 and τrep/τe against the number of
entanglements in a chain (Z = Mw/Me, where Me is the en-
tanglement molecular weight) at a log-log scale [Fig. 4(b)].
A linear relationship with a slope of 3.4 is evident, i.e.,
τrep/τe ∼ Z3.4 and η0 ∼ Z3.4, which was consistent with the
polymer rheology and tube-reptation model [52–54]. Overall,
the interfacial wetting experiments, analysis, and modeling
of the resultant surface deformations provide a method to cap-
ture the rheology and dynamics of supported polymer films
with varying thicknesses.

C. Submicron confinement accelerates polymer diffusion

This approach was used to investigate the dynamics of
confined polymers while reducing the film thickness to that
approaching the coil dimensions of the chains. Figure 5(a)
show the LVE spectrum of PS films with various thicknesses.
It is apparent that reducing the thickness of the PS282k
films to <300 nm resulted in an almost unchanged τe and
a monotonously decreasing τrep, accompanied by a progres-
sive shortening of the rubbery plateau; see Fig. 5(b). The
reduced τrep and shrunken plateau breadth (i.e., reduced in
τrep/τe) indicate the ease of polymer diffusion in thin films,
which is consistent with previous observations of reduced
viscosity [21,22] and terminal relaxation time [23], as well
as the increased Me of polymers in confined environments.
Normalizing τrep/τe of the thin films to their bulk values
(λbulk; λbulk = τrep,bulk/τe,bulk ), as well as the thickness to the
Rg or end-to-end distance (REE) of the polymers, the data
for PS with various Mw were superposed into a single curve
[Fig. 5(b)], evidencing a universal chain dimension-relevant
confinement effect.

Notably, the critical thickness, identified in the LVE spec-
tra, corresponding to the changeover to where the film is in a
confined regime, in which the chain diffusion is accelerated
and the rubbery plateau is shortened, was in the submicron
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FIG. 5. Acceleration of polymer dynamics under submicron confinement. (a) G′(ω) and G′′(ω) of PS282k films of various thicknesses at
Tref = 105 ◦C (the original h(t ) curves are shown in Fig. S8 [35]). The data are vertically shifted for clarity, and the solid and dashed curves
represent the BSW fitting results. (b) Thickness dependence of (τrep/τe )/λbulk for PS films with Mw of 282 (empty circles), 168 (gray squares),
and 780 (gray triangles) kg/mol. The inset shows the τrep and τe values for the PS282 film. The dashed and solid curves in the main panel and
the inset, respectively, represent the results predicted by the double reptation model in thin films. LVE spectra of thin PS films with Mw = 168
and 780 kg/mol are shown in Fig. S8 [35].

range (i.e., ∼300 nm) and approximately 20 times the Rg

of PS. The critical confinement size for the linear dynamics
appears to be larger than that for the nonlinear squeeze flow,
in which the chain diffusion is faster only when the film
thickness is reduced to a scale comparable to the chain size,
where the polymer coils are severely compressed [25]. Of
relevance to our experiment, Bodiguel and Fretigny observed
a reduction of viscosity in the linear regime in a similarly
thick PS film (300–400 nm, corresponding to 9–12 Rg) [21].
The results of linear rheology of polymer films imply that
the motion of entangled, high-molecular-weight chains are ac-
celerated by confinement at the submicron length scale. This
confinement scale (i.e., submicron) for polymer diffusion is
much larger than that for Tg and cooperative segmental motion
in PS films, which is typically less than 100 nm [55–58],
suggesting a unique mechanism beyond the Tg shift by which
chain diffusion is speed up in the submicron thick films with
a thickness of tens of polymer Rg.

D. Surface-induced constraint release (SICR) effect

The entangled polymer diffusion is realized by chain slith-
ering within a virtual tube [53] (i.e., reptation; see Fig. 6).
Herein, we explain the submicron confinement effect and

long-range effect on chain diffusion by a rapid surface
relaxation-induced release of entanglement constraints in thin
films. This effect emerges from the confluence of the surface
effect, which reduces entanglement (i.e., increases the Me;
Me,surface ≈ 3 ∼ 4 Me,bulk) [59–62] and accelerates reptation
of the surface chain due to the reduced primitive contour
length, and the constraint release effect, which facilitates
polymer relaxation by releasing the entanglement constraints
of the polymers through movement of their surrounding
chains. As illustrated in Fig. 6, as the fast-reptating surface
chain moves away, the topological constraints that were once
imposed on the underlying chains are released, thereby accel-
erating chain relaxation underneath the surface coils. That is,
the activation of surface reptation dynamics has a knock-on ef-
fect on its neighborhood, essentially loosening the topological
constraints on the adjacent chains below and allowing them to
diffuse as though they are affected by the presence of a free
surface. Such dynamical facilitation could propagate over a
distance larger than the chain dimension because of the strong
intrachain interactions of the entangled polymers, leading to a
perturbation of the chain dynamics upon confinement at large
length scales that exceed 100 nm and can be normalized by
the chain dimension REE, i.e., d/REE [Fig. 5(b)].

FIG. 6. Schematical illustration of SICR effect. The process of the release of entanglement constraints near the polymer surfaces.
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FIG. 7. Chain dynamics predicted by the double reptation model for thin films. (a) Simulated stress relaxation curves of PS film with
various thicknesses using bulk τe and Me(δ). The inset shows the schematic representation of the continuous multilayer structure employed to
describe the Me(δ). (b) Thickness dependence of the τ ∗

rep.

The process of constraint release is very complex, and it
is still lacking a fully generalized, rigorous theory. Here, we
sought to use the “double reptation” theory [56]—a simple
description of constraint release effect on the relaxation of
polydisperse polymers—to account for the SICR effect and
to describe the chain relaxation in 20Rg-thick PS films. The
double reptation model describes the acceleration of reptation
of long polymer chains due to the constraint release induced
by interaction with fast-relaxing short chains. The relaxation
modulus, G(t), of the polydisperse polymer consisting of n
components at a time t is given by [56]

G(t )

Ge
=

[∑
n

wnP(t, Zn)

]2

. (6)

The subscript n denotes the component chains with the
primitive length Zn, and wn is the weight fraction of each
component polymer. P(t, Zn) is the tube survival probability
of the n chains at time t—the fraction of the tube that remains
confining the chain molecule, which is 1 for the initial con-
dition that the chain is entirely trapped in the tube, and is 0
when the chain is fully escaped from the tube. P(t, Zn) can
be approximated as an exponential decay, exp[−t/τdf (Zn)],
where τdf (Zn) is the relaxation time of the n chains. τdf (Zn)
is expressed as

τdf (Z ) = 3τeZ3

[
1 − 2D1√

Z
+ D2

Z
− D3

3
√

Z

]
, (7)

in which D1 = 1.69, D2 = 4.17, and D3 = 1.55 [57]; the
Rouse relaxation time of the entanglement strands (τe) can be
determined by τe = τ0N2

e [26,57].
As for thin films of monodisperse polymers, investigated in

this work, the constraint release effect is due to the presence of
a mobile surface region, in which surface Me ≈ 3 ∼ 4 Me,bulk

and the Me decreases with the distance from the surface before
recovering to the bulk value at a depth of δ ∼ REE; [Me(δ); δ

represents the distance from the surface] [60,61,63]. The in-
homogeneity in Me(δ) near the surface is described by a
continuous multilayer model [64]; see the inset of Fig. 7(a).
This leads to a depth dependence of the primitive length (Z)
of the chain strands according to Z (δ)/Zbulk = Me,bulk/Me(δ),

as well as the depth-dependent relaxation time, τdf [Z (δ)],
defined by Eq. (7). The weight fraction, w(δ), of the strands in
an individual layer at depth δ is related to the layer thickness
d (δ) and the film thickness by w(δ) = d (δ)/d; see the inset
of Fig. 7(a). Thus the double reptation model, i.e., Eq. (7),
is modified to describe the SICR effect in thin films by in-
tegrating the contribution of each dynamically distinct layer,
i.e., w(δ) and τdf [Z (δ)], to the modulus relaxation of the
entire film:

G(d, t )

Ge
=

[∑
n

wnP(t, Zn)

]2

=
[∫ d

0

dδ

d
P[t, Z (δ)]

]2

=
[∫ d

0

dδ

d
exp

(
− t

τdf [Z (δ)]

)]2

. (8)

Equation (8) accounts for the role of the rapidly reptating
surface chains due to increasing in Me(δ) in the stress relax-
ation of the polymer films due to dynamic facilitation by the
SICR process. In 2005, Dalnoki-Veress and co-workers [61]
reported the thickness dependence of chain entanglement and
Me(δ) of PS films by observation of the maximum extension
ratio of the films; see the Me(δ) of PS in Fig. S10 [35].
Therefore, by substituting the Me(δ) (Eq. (S10) [35]) into
Eq. (8), and keeping τe at the bulk value, stress relaxation of
PS films, facilitated by the SICR effect, can be computed; see
Fig. 7(a). Figure 7(a) describes the terminal relaxation of the
PS in thin films. By defining the effective terminal relaxation
time, τ ∗

rep, as the time at which the stress relaxation function
decays to 0.2, the thickness dependence of the τ ∗

rep was ob-
tained; see Fig. 7(a). Apparently, the τ ∗

rep starts to decrease
at d ≈ 300−400 nm. That is, the modeling reproduces the
submicron confinement effect observed in the nanorheological
measurement.

Finally, we showed that by considering both the SICR
effect and the confinement-induced Tg shift [12], the τe and
τrep of PS films can be evaluated quantitatively. Section 11
of the Supplemental Material [35] describes the details of
evaluation of the values of τe and τrep from τ ∗

rep, Tg, and Me(δ)
of PS films. As shown in the solid and dashed curves in
Fig. 5(b) and its inset, prediction of τe, τrep, and τrep/τe of the
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PS films overlaps with the results obtained from the nanorhe-
ological measurements. This consistency suggests that double
reptation in thin films effectively captures, with reasonable
simplicity, the essential physics of the SICR effect, supporting
the proposed mechanism that the rapid relaxation of surface
chains releases the entanglement constraints of the underlying
chains, facilitating the relaxation of polymer films at thick-
nesses well beyond Rg and on the submicron length scale.

IV. CONCLUSION

Using the molecular wetting force to deform films and
evaluate polymer creep, we demonstrate that broad linear
viscoelastic spectra of supported nanoscale thin polymer films
with relaxation times spanning five orders of magnitudes are
now within reach. The rheology spectra of PS films thinner
than ∼300 nm and ∼20Rg feature a shortened rubbery plateau
and decreased reptation time, indicating faster chain dynamics
at a large confinement length scale. The confinement effect in
the submicron thick films hints at a surface-induced constraint
release (SICR) mechanism; that is, the rapid reptation of the
surface polymers with increasing Me allows for partial release
of the topological constraints of the underlying chains, which

accelerates chain relaxation in the film interior. We showed
that a double reptation model in thin films, combined with a
reasonable description of surface Me, can quantitatively esti-
mate the SICR effect on polymer film relaxation, providing
a physical insight that the increase of surface Me can lead to
an acceleration of chain diffusion over submicron distances
via the SICR processes. Therefore, our study enables alter-
native ways to investigate and understand polymer dynamics
under confinement, which could benefit polymer engineers in
producing high-quality microparts by optimizing the mold-
ing processes to be compatible with the confined polymer
rheology.
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