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ABSTRACT: Polymer−substrate interfaces are significant in
determining the dynamics of nanoconfined polymers. In this
study, an improved understanding of the interfacial effect was
gained from the critical distance over which the suppression of
interfacial dynamics originating from an interacting substrate
propagates. We investigated the effective viscosity of poly-
(styrene) (PS) thin films with various molecular weights (Mw)
on phenyl group-modified substrates and characterized the
utmost distance (hc*) of the suppression of chain diffusional
dynamics by the substrate. The viscosity of the PS films on the
phenyl-modified substrates increased when the film thickness
was decreased below a threshold thickness because of the
dominant interfacial effect arising from favorable π−π polymer−substrate interactions. The extent of viscosity enhancement is
apparently larger for PS with high Mw on the same substrate. Most importantly, we found that the interface-induced viscosity
increases for all samples with various Mw values and substrates can be linearly correlated with the distance over which the
suppression of interfacial dynamics extends, which makes it possible to qualitatively evaluate the effectiveness of the interfacial
effect.

■ INTRODUCTION

The molecular mobility of polymers, represented by the glass
transition temperature (Tg),

1−6 viscosity (η),7−10 and diffusion
coefficient (D)11−14 of nanoconfined polymers, is substantially
affected by the presence of a solid interface because of the
possibility of forming various types of interactions between the
polymer and substrate. The tremendous alteration of confined
polymer dynamics because of the induced interaction at the
polymer−substrate interface is generally known as the
interfacial effect. From 1994 to 2010, efforts were mainly
directed toward elucidating the effect of interfacial interactions
on the molecular dynamics of thin polymer films.15−18 A
simplified picture has thus emerged to account for the role of
the substrate interface; that is, decreased mobility is observed
for polymer films on an attractive substrate, while films
supported by a neutral or repulsive substrate are associated
with enhanced mobility.19−22 For example, Tg was depressed
for poly(methyl methacrylate) (PMMA) films on a weak
interacting substrate (e.g., gold); however, an increasing trend
was observed for PMMA on a hydrogen-bonded substrate
(e.g., SiOx).

15 In the last five to ten years, knowledge about the
interfacial effect has increased, and a large number of
experimental results that are seemingly inconsistent with
previous conceptions have been reported. Napolitano,23−26

Koga27 and Fakhraai28 et al. found that polymer mobility can
also be depressed for polymer films supported by a neutral or
repulsive substrate, such as poly(styrene) (PS)/SiOx systems,
provided that sufficient annealing is applied. In contrast,
Kumar and Sokolov29−31 reported that the Tg values of
polymer nanocomposites [e.g., poly(2-vinylpyridine); P2VP]
were unexpectedly unaffected by the presence of strongly
interacting silica nanoparticles. Even for polymer films on an
athermal substrate, in which the polymer−substrate enthalpic
interaction is counteracted by polymer−polymer cohesion,
both positive and negative Tg shifts in the polymer films were
observed, depending on the density and molecular weight of
the grafted chains.5,32−34 Additionally, the molecular weight
(Mw) of the polymer,35−39 sample preparation,24,40−43 and
curvature of the substrate44,45 have been revealed to be
effective in altering the interfacial effect. Evaluating the
extremely complex influences the substrate has on confined
dynamics is still a challenge.
The understanding of the interfacial effect has been

improved by recent findings on the irreversibly adsorbed
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layer and the propagation of interfacial dynamics. Polymer
chains can be firmly adsorbed on even a neutral substrate to
form an immobilized adsorbed layer.42,46−48 The severely
suppressed mobility of interfacial adsorbed chains can extend
up to tens of Rg (radius of gyration) and eventually counteract
the enhanced mobility at the free surface,49−54 therefore
dominating the thin-film dynamics. As suggested by
Napolitano,54 Cangialosi,54 and Wang,53 the changes in a
state of chain adsorption can induce large variations in the
depth over which the suppressed dynamics can extend, and
therefore, the effect of the substrate interface on the chain
mobility, measured under confinement, is directly related to
the degree of chain adsorption on the substrate. These results
suggest that how significantly the substrate influences
molecular mobility does not simply depend on the polymer−
substrate interaction but essentially on the strength of chain
adsorption on the substrate and, by extension, on the
propagation distance of the suppressed interfacial dynamics
due to chain adsorption. However, unfortunately, due to the
lack of systematic characterization of the distance of polymer
dynamics suppression by a substrate, the relationship between
the confined dynamics of thin films dominated by the
interfacial effect and the length scale of interfacial dynamics
suppression has not yet been disclosed.
In our previous work, we developed a method based on

measuring the vertical diffusion of fluorinated tracer-labeled
polymer chains in a bilayer film to assess the utmost distance
from a substrate over which polymer dynamics are sup-
pressed.55 Meanwhile, the effective viscositya measure of
chain mobilityof supported polymer thin films can be
acquired by probing the growth dynamics of the “wetting ridge”
formed on the films’ surface due to the vertical component of
surface tension of the liquid droplet atop the film surface, as
previously reported.56 We herein characterized these two
aspects of the properties of PS thin films supported by an
attractive substrate and investigated how these aspects are
correlated. We chose PS with various Mw values as a model
polymer and SiOx covered by various amounts of phenyl
groups as a substrate to construct a series of polymer−
substrate combinations with tunable interfacial interactions.
The results showed that the viscosity of PS thin films changed
significantly with both the Mw of PS and substrate surface
chemistry, and furthermore, all of the data on viscosity
variations can be linearly scaled by the propagation depth of
the suppression of interfacial dynamics.

■ EXPERIMENTAL SECTION
Materials.Monodispersed PS (PDI = 1.05−1.18) with various Mw

values was purchased from Polymer Source Inc. (Canada). PS end-
capped with 2-perfluorooctylethyl methacrylate (FMA) units (PS260-
ec-FMA1, PDI = 1.13; PS428-ec-FMA2, PDI = 1.15; and PS682-ec-FMA2,
PDI = 1.18, where the subscript is the degree of polymerization) was
synthesized using atom-transfer radical polymerization (ATRP), as
described in previous work.57,58 Phenyltrimethoxysilane (C6H5Si-
(OCH3)3, PTS) was purchased from Aldrich Co. (USA). 1-Ethyl-3-
methylimidazolium tetrafluoroborate ([EIM]BF4) (surface tension:
51 mN/m) was supplied by the Lanzhou Institute of Chemical
Physics, Chinese Academy of Sciences.

Preparation of the Substrates. Native oxide-covered silicon
wafers (SiOx/Si) were prepared by immersing a silicon wafer (100)
into a piranha solution consisting of H2SO4/H2O2 (3:1) for 20 min at
90 °C. The wafer was then rinsed in deionized water and dried under
a nitrogen atmosphere. The thickness of the SiOx layer was ∼2.0 nm.

The phenyl group-modified substrate was prepared following the
reported method.16,59 PTS was grafted onto the SiOx/Si surface by
exposure of the cleaned wafer to the PTS solution in anhydrous
toluene for various times. The phenyl group-modified substrates were
characterized by the water contact angle, X-ray photoelectron
spectroscopy (XPS), and sum frequency generation (SFG) spectros-
copy. The results are shown in Table S1 and Figure S1, respectively.
The fraction of phenyl groups covering the surface can be estimated
by using the Cassie equation16,60,61 on the basis of the water contact
angle data (see details in Table S1). Substrates with a phenyl group
coverage of 22, 46, and 60%, denoted as PTS-1, PTS-2, and PTS-3,
were obtained by immersing the substrate for 17, 40, and 54 min,
respectively, in 0.25 vol % PTS solution at 60 °C. A substrate surface
with 90% coverage with phenyl groups (PTS-4) was obtained by
performing the treatment in 1.0 vol % PTS solution at 60 °C for 1 h.

Film Formation. The PS films were fabricated by spin-coating
from a toluene solution of the polymer onto clean substrates. The
prepared films were annealed at 150 °C for 72 h in a vacuum to
remove the residual solvent and stress. Ellipsometry (EP3SW,
Accurion Co., Germany) was applied to measure the film thickness.

Viscosity Determination of the Supported PS Films.
Following our previously reported method,56 the effective viscosity
(η) of the supported PS films was measured by monitoring the growth
of the “wetting ridge”a microscopic protrusion on the film surface
because of the capillary forces exerted by a drop of the ionic liquid
placed on the film surface. In measurement, a small volume of
[EIM]BF4 was gently deposited onto the PS film surface at
temperatures above the bulk Tg (Tg

bulk), forming a half spherical
droplet with a contact angle (θ) of 76°. It was predetermined that
[EIM]BF4 cannot swell or plasticize the PS surface.22,56,62 Under the
pulling of the vertical component of the surface tension (γ) of the
ionic liquid droplet (γ⊥; γ⊥ = γ sin θ), the film surfaces near the three
phase line were deformed, and a ridge-like protrusion, called the
“wetting ridge”, spontaneously formed, as shown in Figure 1. A
qualitative analysis of the stress−strain relationship of the deformation
process by Shanahan63,64 shows that the local strain (σ) can be

Figure 1. (a) Atomic force microscopy (AFM) topological image showing the wetting ridge formed on a 390 nm PS film (442 kg/mol) by
placement of [EIM]BF4 droplets on the film surface for 10 min at 160 °C; (b) cross-sectional profile of the area indicated by the white line in panel
(a).
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expressed as a ratio (ε = hR/ω) between the height (hR) and width of
the wetting ridge (ω); and the stress (σ) is represented by a ratio, σ =
γ⊥/ω. In a viscous flow, the strain rate (ε)̇ is determined by the ratio
of stress (σ) to viscosity (ε=̇ σ/η). In our case, ε ̇ = hR/ωt, and thus we
have hR(t) ≈ (γ sin θ/η)t. Accordingly, at a long force acting time
(i.e., t ≫ τ0, τ0 being the terminal relaxation time), hR is expected to
increase linearly with time, with a slope (k) proportional to γ sin θ/η
(k = αγ sin θ/η; α is a correcting factor). This relationship was
evidenced by our previous work, and the value of α was estimated to
be 0.37 for PS with Mw values from 168 to 1070 kg/mol. Then, we
have η = 0.37γ sin θ/k.56 The viscosity of the PS films can be
determined by characterizing the rate of wetting ridge growth with
time, that is, the value of k.
Detailed procedures are described below. A heating stage

(INSTEC, USA) with an accuracy of ±1 K was used to control the
temperature. After 5 min of preheating the polymer film, a droplet of
the ionic liquid with a volume of 4 μL was gently deposited onto the
surface of the polymer film and kept for a desired time t. Then, the
film (with the liquid droplet) was quickly transferred onto the surface
of an ice bag to ensure that the wetting ridge was frozen during
polymer film cooling. The ionic liquid droplet was removed, the film
was rinsed with distilled water, and then, the film was dried under a
nitrogen stream. The three-dimensional profiles of the wetting ridge
were determined by AFM (Multimode-8, Bruker, USA) at 25 °C. The
height of the wetting ridge could be reproducibly determined due to
the high vertical resolution of the AFM. The vertical distance between
the highest point and the undisturbed flat surface was defined as the
height of the wetting ridge (hR; Figure 1b).
Determination of the Utmost Distance of Polymer

Dynamics Suppression by Substrates. The distance over which
chain mobility is suppressed by a solid substrate was measured by
detecting the diffusion of fluorinated labeled PS chains in a bilayer
film consisting of a 50 ± 2 nm PS top layer and a variable-thickness
PS-ec-FMAn (n = 1 or 2) bottom layer supported on the substrate.55

At T > Tg
bulk, the fluorinated chains (i.e., PS-ec-FMAn) in the bottom

layer diffuse through the PS layer on top and eventually reach the free
surface of the bilayer film. The critical time (t*) for the fluorinated
chains to diffuse from the interface of the bottom layer to the surface
of the bilayer film can be obtained by detecting the changes in the
water contact angle on the film surface. The value of t* varied with the
thickness of the bottom PS-ec-FMAn layers due to the different extent
of influence by the substrate. A threshold thickness of the bottom
layer (hc*), corresponding to the thickness at which t* starts to
increase, can be obtained reliably. hc* represents the utmost distance
over which the polymer dynamics were altered by the substrate.55

The details of the preparation of the bilayer film are described
below. The bottom PS-ec-FMAn layer was prepared by spin-coating a
toluene solution of the polymer onto the substrate surface. The film
was then annealed at 150 °C under vacuum for 24 h to remove the
residual solvent and to promote the segregation of FMA end units
onto the surface. The upper PS layer, with almost the same Mw, was
prepared by a water-casting method65 from toluene solution on a
distilled water surface and then picked up by the PS-ec-FMAn-coated
substrate. The bilayer film was then dried under vacuum at 60 °C for
72 h to remove the residual solvent and water trapped between the
layers.

■ RESULTS AND DISCUSSION

Effective Viscosity of Supported PS Thin Films. The
effective viscosity of the PS thin films (ηfilm) on the phenyl
group-modified substrates was assessed by detecting the time
evolution of the height of the wetting ridge (hR) using AFM.
Figure 1 presents a representative AFM topological image of
the wetting ridge formed on a 390 nm PS film (Mw = 442 kg/
mol), from which hR can be reliably determined. In addition to
the protruding ridge itself, dimples are clearly observed on
both sides of the ridge. This profile feature suggests that the
wetting ridge was built up because of the flow of polymer

chains near the dimple region toward the center and tip of the
ridge. Essentially, the kinetics of wetting ridge formation was
controlled by the ease of polymer chain flow within the film,
which is related to the film viscosity. When the droplet
placement time (i.e., force acting time) is longer than the
terminal relaxation time of the polymer (t0

bulk; t0
bulk ≈ 100 s for

PS with Mw = 442 kg/mol at 160 °C66), hR increases linearly
with time, as shown in Figure 2. On the basis of scaling analysis

of the stress−strain correlation, in which σ = γ sin θ/ω and ε ̇ =
hR/ωt, the viscosity of the film can be deduced from the slope
k, in that ε ̇ = σ/η, which gives k = αγ sin θ/η for the response
of the viscous flow.56 The ηfilm of PS on the PTS-modified
substrate can be calculated from the slope k (Figure 2) on the
basis of the predetermined values of γ (γ = 51 mN/m for
[EIM]BF4), θ (θ = 73°), and α (α = 0.37).56 Herein, the
deduced viscosities of the 390 and 416 nm thick PS films, in
which the ultrathinning effect is absent,67,68 are within the
same order of magnitude as the value for bulk PS with a similar
Mw (ηPS = 5.9 × 107 Pa·s at 160 °C).69

The ηfilm values of PS (Mw = 442 kg/mol) with various film
thicknesses on bare SiOx and on the phenyl group-modified
substrates were measured using the “wetting ridge growth”
method (see results in Figure 3). For films on bare SiOx, in line
with the literature results,70 ηfilm decreases monotonically with
decreasing film thickness (h) for films with h < 130 nm. The 50
nm thick PS film exhibits a twofold reduction in bulk viscosity

Figure 2. Height of the wetting ridge (hR) as a function of the droplet
deposition time for PS films (Mw = 442 kg/mol) with various film
thicknesses. PTS-4 was used as a substrate (T = 160 °C).

Figure 3. Plot of viscosity against film thickness of PS films with Mw =
442 kg/mol supported by substrates with various phenyl group
contents. T = 160 °C.
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(ηbulk). Note that, at the same film thickness, the drop in
viscosity of the PS-on-SiOx system is limited to one order of
magnitude,8,70−72 and our data are in agreement with these
results.70 However, in contrast, ηfilm exhibits an increasing
trend with a reduction in film thickness when PTS-modified
SiOx was used as the supporting substrate. Specifically, at h =
50 nm, the ηfilm of PS films on the PTS-4 substrate is
approximately 15-fold larger than ηbulk, indicative of the highly
sluggish chain mobility. Moreover, the increase in viscosity is
greater, and the threshold film thickness (hv, Figure 3), where
ηfilm starts to increase, becomes larger for films supported by a
substrate covered with a larger amount of phenyl groups. This
result means that the mobility of PS chains in thin films was
significantly depressed by introducing phenyl groups on the
substrate surface.
An increase in viscosity upon confinement is usually found

in systems with strong polymer−substrate interactions.56,73−75
In our case, interfacial π−π interactions are supposed as the
main reason for the increased viscosity of PS films on phenyl-
modified substrates. In our previous work,61 π−π interactions
at the interface of a polystyrene/phenyl-functionalized
substrate were identified by SFG spectroscopy. Spectral
analysis showed that the PTS phenyl groups on the SiOx

surface induced the perpendicular orientation of PS phenyl
rings by energetically favorable parallel-displaced π−π
interactions at the interface. The PS chains were pinned flat
on the substrate surface, and significantly slower dynamics of
PS chains at the interface and in the thin film resulted because
of the π−π interactions between the chains and substrate.
Therefore, it is reasonable that the increased viscosity of PS
films on PTS-modified substrates is because of the adsorption
of chains at the interface facilitated by the interfacial π−π

interactions formed between the phenyl groups on the
substrate surface and those in PS chains.
The effect of the presence of an interacting substrate on the

viscosity of PS films, that is, the interfacial effect, depends on
the Mw of PS. Viscosities of thin PS films with Mw of 222 and
169 kg/mol are shown in Figure 5. Note that because the
wetting ridge for low viscosity PS with a Mw of 169 kg/mol
grew so rapidly at 160 °C that we could not obtain a reliable h
≈ t curve,56 the viscosity of this low Mw sample was measured
at a lowered temperature of 145 °C. Comparing the data for
PS with Mw values of 169, 222 (Figure 4), and 442 kg/mol
(Figure 3), we found that both the rise in ηfilm with respect to
ηbulk and the hv values were considerably larger for PS films
with a higher Mw. The Mw effect can be visualized clearly in
Figure 5, which displays the normalized viscosity (ηfilm/ηbulk)
a parameter reflecting the extent of the increase in viscosity
caused by the PTS-modified substrateof the 50 nm thick PS
films and hv as a function of the phenyl content on the
substrate. PS films with a higher Mw exhibit a larger ηfilm/ηbulk
and hv. Meanwhile, ηfilm/ηbulk and hv increase more rapidly with
the content of phenyl groups for films with larger Mw. These
data demonstrate that the mobility of chains with a larger Mw

in a film was more severely suppressed by the substrate,
indicative of a stronger interfacial effect.
Taking into account all the above results, the decrease in

chain mobility because of the interacting substrate is more
pronounced for PS films supported by a more strongly
interacting substrate and for films with a larger Mw. In the
following discussion, we will show that the changes in chain
dynamics of PS thin films due to the interfacial effect can be
scaled by the distance over which the suppressed interfacial
mobility propagates.

Figure 4. Plots of viscosity against film thickness of PS films with a Mw of (a) 222 and (b) 169 kg/mol supported by substrates with various phenyl
group contents. T = 145 and 160 °C for PS with Mw = 169 and 222 kg/mol, respectively.

Figure 5. (a) Normalized viscosity (ηfilm/ηbulk) of the 50 nm PS film and (b) hv as a function of the phenyl group content on the substrate surface.
(T = 160 °C for PS with Mw = 222 and 442 kg/mol; T = 145 °C for PS with Mw = 169 kg/mol).
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Utmost Distance of Chain Dynamics Suppression by
the Substrate. It is generally accepted that the suppression of
interfacial dynamics can propagate over a long distance from
the interface, and as a result, the dynamics of polymer thin
films with thicknesses up to hundreds of nanometers can be
perturbed by the substrates. Therefore, the distance to which
the retarded interfacial mobility propagates is clearly important
and could be a critical parameter that changes the dynamics of
thin films. Herein, we used a previously published method to
detect the utmost distance of PS dynamics suppression by the
substrate by investigating the diffusion of a fluorinated tracer-
labeled PS chain.55 The inset of Figure 6a illustrates the sample

geometry for the measurement, that is, a bilayer film composed
of a bottom layer of PS-ec-FMAn (n = 1 or 2) with the
fluorinated components enriched at the upper interface and a
50 nm top PS layer (hup). Upon thermal annealing of the
bilayer films at 130 °C (Tg

bulk + 30 °C), the fluorinated chains
diffuse through the top PS layer and eventually come into
contact with the free surface. The minimal time required for
fluorinated chains to diffuse from the underlying interface to
the top of the PS surface (t*) was acquired by detecting the
onset of an increased water contact angle due to the hyper-
hydrophobic nature of FMA, as shown in Figure 6. Here, it is
noticeable that a lower temperature (i.e., 130 °C) than the
viscosity experiment (i.e., 145 and 160 °C) had to be chosen in
order to ensure the moderate diffusion rate of the fluorinated

chains and the experimentally accessible t* value. We then
investigated the variation of t* with the thickness of the
bottom layer (hc*). A critical bottom film thickness value (hc*),
where t* starts to increase, was identified by plotting t* against
hb, as shown in Figure 7a. At hb < hc*, the t* value increases as
we decrease the hb, because of the increasing impact of the
substrate on chain mobility closer to the substrate. In contrast,
at hb > hc*, the distance between the substrate surface and the
PS431//PS428-ec-FMA2 interface is sufficiently long that the
substrate did not influence the chain mobility at the interface,
leading to unchanged t* values; Figure 7a. Accordingly, hc*
could be reasonably regarded as the utmost distance from the
substrate of polymer dynamic suppression, as verified
previously.55

Figure 7b presents hc* values for PS with Mw values of 27, 45,
and 71 kg/mol on substrates functionalized with phenyl
groups. hc* increases with increasing phenyl group coverage
because of the increased π−π interactions at the interface.
Interestingly, on the same substrate, the value of hc* increases
with the Mw of the PS film. Additionally, the slope of hc* is also
larger for PS with a higher Mw. The changes in hc* with the
phenyl content on the substrate surface for PS with different
Mw values, shown in Figure 7b, shared a qualitatively similar
trend with the variation in ηfilm/ηbulk with the phenyl content
depicted in Figure 5. Both the hc* and ηfilm/ηbulk values
increased with the coverage of phenyl groups on the substrate
surface. This might potentially suggest that the effect of the
substrate on the chain mobility of polymer thin films is related
to how far the suppression of interfacial dynamics can
propagate.
The hc* value of high-Mw PS cannot be directly measured

using the current method because fluorinated tracer-labeled PS
with Mw > 150 kg/mol cannot be prepared by ATRP. Instead,
it is possible to deduce the hc* value for PS withMw = 169, 222,
and 442 kg/mol from those of PS with low Mw because of the
unique dependence of hc* on Mw; that is, the ratio of hc*/Rg is
usually a constant value. We previously found that hc*/Rg = 9.5
for PMMA on a SiOx substrate; furthermore, Rubinstein et
al.14 revealed that hc*/Rg = 10 for PS thin films. In this study,
we found that the ratios of hc*/Rg were 7.8, 10.1, 13.5, and 15.6
for PS on PTS-1, PTS-2, PTS-3, and PTS-4 substrates,
respectively (Figure 8a). The constant hc*/Rg values indicate
that the suppressed interfacial dynamics was delivered by virtue
of the connection of macromolecular chains by topological
entanglements, which is in agreement with proposals put
forward by Koga et al.52 Moreover, Rubinstein’s results

Figure 6. Water contact angles (θ) on the surface of a PS431//PS428-
ec-FMA2 bilayer film on a PTS-4 substrate as a function of annealing
time at 130 °C.

Figure 7. (a) Relationship between the critical time (t*) and the thickness of the bottom layer (hb) in bilayer films of PS431//PS428-ec-FMA2 on
various substrates. (b) Relationship between hc* and the content of phenyl groups on the substrate surface for PS with Mw values of 27, 45, and 71
kg/mol (T = 130 °C).
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revealed that the constant hc*/Rg holds for PS with Mw values
up to 770 kg/mol.14 Accordingly, hc* values for PS films with
Mw values of 169, 222, and 442 kg/mol (Figure 8b) were
reasonably estimated based on the hc*/Rg values shown in
Figure 8a. Similar to the results in Figure 7b, the hc* for PS
films with higher Mw are larger than those with lower Mw.
Influence of the Interfacial Effect on the Mobility of

Polymer Thin Films Scaled by the Distance of Dynamics
Suppression by the Substrate. In this section, we
correlated the viscosity rise of PS thin films due to the
interfacial effect to the distance of dynamics suppression by the
substrate. The viscosities of PS films with Mw = 169 kg/mol at
145 °C and that with Mw = 222 and 442 kg/mol at 160 °C
were simply converted into the data at 130 °C, where the hc*
values were determined on the basis of the time−temperature
dependent Vogel−Fulcher−Tammann law for bulk PS films
determined by our previous work.56 In Figure 9, we plot ηfilm/

ηbulk and hv against hc* for PS thin films on the various
substrates and with varying Mw values (i.e., 169, 222, and 422
kg/mol) at a temperature of 130 °C. The ηfilm/ηbulk data for all
the samples collapsed into a linear line. This result clearly
demonstrated that the interfacial effect on the mobility of thin
films can be scaled by the propagation distance of the
suppression of interfacial dynamics. Such an assertion can also
be supported by the fact that divergences from the linear
correlation started to occur at low ηfilm/ηbulk values (i.e., ηfilm/
ηbulk < 1.5), where the interfacial effect eventually diminished
(Figure 9a). The results provide an additional perspective in

understanding the interfacial effects of confined polymers; that
is, the effect of the substrate, which varies with Mw, the
substrate properties, and so forth can be unified by the distance
of chain dynamics suppression by the substrate.
The results in Figure 9 can be understood on the basis of the

layer model,1,76−78 which is commonly invoked in describing
the dynamics of polymer thin films and normally considers thin
films as composed of a free surface layer, a bulk layer, and an
interfacial layer. The weighted average of chain mobility in the
individual layers determines the global dynamics of the film.
When the polymer−substrate interaction is strong, such as in
the current investigated PS/PTS-modified SiOx system, the
enhanced mobility on the free surface is counteracted by the
suppressed interfacial dynamics, resulting in films containing
merely bulk and interfacial layers.53,54 A gradient struc-
ture,27,32,52,79 in which the suppressed interfacial mobility
gradually recovers to the bulk value with increasing distance
from the supporting interface, can be applied to describe
dynamics in the interfacial layer. The chain mobility of a
supported film with relatively strong interfacial interactions can
be formulized according to the layer model. Taking Tg as an
example, we have

∫
=

−
+T h

h h
h

T
T z z

h
( )

( )d
h

g
1

g
bulk 0 g

1

(1)

where h1, or alternatively hc*, is the utmost distance over which
the interfacial effect can extend. The second term accounts for
the contribution of the interfacial layer, in which Tg(z) is the
function describing the depth distribution of the local Tg, and

the integral (∫ T z z( )d
h

0 g
1 ) is the sum of Tg(z) for all sublayers

with different distances from the supporting interface. It is
obvious from eq 1 that two parameters h1 (also hc*) and Tg(z)
are key to the dynamics (e.g., Tg and viscosity) of thin films.
An increased distance over which the retarded interfacial
dynamics persists (i.e., larger hc*) is associated with a larger
interfacial effect, resulting in significantly slowed thin-film
dynamics as the viscosity rises, as presented in Figure 9.
The results in Figure 9, which correlate the effectiveness of

the interfacial effect of the polymer with the length scale over
which the hindered interfacial mobility propagates, update our
understanding of the interfacial effect of polymers. Recently, it
has been reported that the mobility of a sufficiently annealed
polymer film supported by a neutral or repulsive substrate
(e.g., PS on SiOx) can be suppressed,23−28 but while the
dynamics were almost unchanged for polymer nanocomposites
with very strong polymer−particle interactions, such as P2VP

Figure 8. (a) hc*/Rg as a function of theMw of PS on the PTS-modified substrate at 130 °C; (b) relationship between hc* and the phenyl content on
the substrate surface for PS with Mw of 169, 222, and 442 kg/mol.

Figure 9. Linear correlation between (a) ηfilm/ηbulk for films at h = 50
± 3 nm and (b) hv and the distance of polymer dynamics suppression
by the substrate (hc*). T = 130 °C.
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and silica.29−31 We note that these seemingly inconsistent
findings can be rationalized by exploiting the results of Figure
9. For films on a neutral substrate, the distance over which the
interfacial dynamics extend increases with increasing annealing
time,54,55 and thus, if sufficient annealing is applied, the free
surface effect can be neutralized by the long-range suppression
of the interfacial effect, resulting in decreased film mobility.
However, for nanocomposites with very strong polymer−
particle interactions, Star et al.80 proposed that a strongly
“bound” polymer layer is adsorbed to the nanoparticle surface
and “cloaks” the particles so that the suppression of interfacial
dynamics cannot be transmitted into the bulk, as a result of
which the polymer dynamics (i.e., thermodynamic Tg) are
unaffected by the interface. Thus, it is reasonable to propose
that the interfacial effect in different nanoconfined systems can
be better comprehended when the pathway for interfacial
mobility propagation or the gradient in interfacial dynamics are
considered. This view is in agreement with the perspective of
Star et al.,81 who stated that “careful measurements of the
gradient of relaxation across the film profile are ultimately
needed to provide a complete picture of the film dynamics”.
Additionally, this study provides an alternative insight into

the effect of Mw on the interfacial effect of polymer thin films.
In Figure 5, we show that the mobility of PS thin films with
higher Mw decreased more substantially than those of films
with low Mw; moreover, Figures 7b and 8b showed that hc*
increased with Mw. This indicates that a polymer with a larger
Mw is more effective in transmitting the suppression of
interfacial mobility, resulting in a stronger interfacial effect and
greatly depressed film mobility. This concept is in qualitative
agreement with the “interfacial slippage” effect proposed by
Tsui et al., which suggests that the dynamics of polymer thin
films with larger Mw could be more strongly influenced by the
presence of a substrate because of the deeper penetration of
the interfacial adsorbed chains with depressed mobility into the
film interior.8,72,82 Additionally, the larger number of contacts
with the solid substrates made by the chains of larger Mw, as
evidenced by Simavilla and Napolitano et al.,83 can also
amplify the suppressed interfacial effects because of the
enhanced polymer−substrate interactions per chains. However,
our results are seemingly inconsistent with the “chain packing”
argument proposed by Sokolov et al.35 for poly(vinyl acetate)/
SiO2 and P2VP/SiO2 nanocomposites. In their model,
nanocomposites with lower Mw exhibit a more pronounced
interfacial effect due to the increased packing efficiency of the
low-Mw chains at the interface. We suspected that the different
Mw dependence found in our and Sokolov’s systems may come
from divergences in the strength of polymer−substrate
interactions. It has strong hydrogen-bonding interactions
occurring between poly(vinyl acetate), P2VP, and SiO2,
while the interfacial interactions in our system (i.e., π−π
interactions) are relatively weaker. The stronger interfacial
interactions between P2VP and SiO2 promote adsorption and
dense packing of chains at the interface and presumably induce
large variations in chain-packing density as Mw is altered, and
as a result, chain packing at the interface becomes important.
As well, the different length scales of polymer dynamics probed
(segment relaxation vs chain diffusion) may also result in the
different Mw effects. Despite the controversies, our results,
taking into account the propagation depth of the interfacial
dynamics, provide alternative insight into the Mw-dependent
interfacial effect of nanoconfined polymers.

■ CONCLUSIONS

In this paper, we characterized the effective viscosity of
supported PS thin films with various molecular weights on
phenyl group-modified substrates by probing the growth
dynamics of the “wetting ridge”. The distance from a solid
substrate over which polymer dynamics are suppressed was
assessed by measuring the vertical diffusion of fluorinated
tracer-labeled polymer chains in a bilayer film. We found that
the viscosity of PS thin films increased because of the π−π
interactions at the polymer−substrate interface. PS thin films
with higher Mw and supported by substrates with larger
amounts of phenyl groups exhibited a much more pronounced
viscosity increase. Concurrently, the utmost distance of
dynamics suppression by the interacting substrate (hc*)
increased with an increased Mw of PS and amount of phenyl
groups on the substrate. Furthermore, we revealed that the
viscosity data for all the samples collapsed into a linear line if
we plot the increase in viscosity, represented by ηfilm/ηbulk, due
to the interfacial effect against hc*. This result clearly suggests
that the interfacial effect can be qualitatively scaled by the
distance over which the suppression of substrate dynamics
propagates.
These results enabled us to achieve an additional under-

standing on the molecular weight-dependence of the interfacial
effect. The suppressed interfacial dynamics can be extended
over a longer distance from the substrate interface within a film
having larger Mw, and therefore is associated with a greater
increase in viscosity and more substantial mobility reductions.
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