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Soft Matter

ABSTRACT: The adsorbed layer at a solid surface plays a crucial role in the
dynamics of nanoconfinement polymer materials. However, the influence of the
adsorbed layer is complex, and clarifying this influence on the dynamics of confined
polymers remains a major challenge. In this paper, SiO,-Si substrates with various
thicknesses and adsorbed layers of PS with various molecular weights were used to
reveal the effect of the adsorbed layer on the corresponding segmental dynamics of
supported thin PS films. Strongly suppressed segmental dynamics of thin PS film
were observed for the films supported on thicker adsorbed layers or prepared using
higher molecular weight. Neutron reflectivity revealed that the overlap region
thickness between the adsorbed layer and the top overlayer increased with increasing
thickness and molecular weight of the adsorbed layer, both of which correlate well
with the distance over which the polystyrene dynamics were depressed by the
adsorbed layer. The results show that the influencing distance of the adsorbed layer is
related to the overlap zone formed between the adsorption layer and the upper thin
film. The effect of the adsorbed layer molecular weight can be ascribed to the fact that
large loops and long tails in the adsorbed layer result in stronger interpenetrations and
entanglements between polymer chains in the adsorbed layer and in the overlayer,
causing a stronger substrate effect and suppression of the segment dynamics of the
supported thin PS films.

Keywords: Interface; Adsorbed layer; Polystyrene; Molecular mobility; Overlap

region.
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1. INTRODUCTION

Due to the exceedingly high specific surface area of polymer nanocomposites
and the possibility of controlling the polymer/nanoparticle interfacial interactions,
great improvements in the macroscopic properties of nanocomposite materials can be
made by adjusting the chain dynamics at these interfaces. It is widely accepted that
the interfacial effect plays a crucial role in the resulting physical properties of
supported ultrathin polymer films and nanocomposites, with large differences in
physical performance observed when different substrates are used.!** For example, an
ultrathin poly(methyl methacrylate) film showed a decrease in glass transition
temperature (7,) compared with the bulk 7, when supported by gold substrates, while
an increase in 7|, resulted when supported by silicon substrates.! The 7, of ultrathin PS
films could be adjusted by modifying the various aromatic groups anchored on silicon
substrate surfaces®> and the loop size of the adsorbed polystyrene (PS) chains.®” In
other words, the local relaxation of the chains near the substrate appears to be
suppressed by the various interactions between substrate and polymer. Furthermore,
the interfacial effect on polymer properties is complex and the nature of the interfacial
effect remains unclear. Because an interfacial layer can always be formed near a
substrate, it may be the key to a deeper understanding of the interfacial effect.*5?

Several groups have focused on elucidating the role of a physically adsorbed
polymer layer on the 7, of supported thin polymer films.!%-!% It has been suggested
that irreversibly adsorbed nanolayers on a substrate, including the corresponding

structures and properties, are important to interfacial effects perturbing the dynamics
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of thin films. Napolitano et al.'>-'® demonstrated the direct relationship between the
segmental dynamics in thin polymer films and the degree of chain adsorption at the
substrate. The effect of free surface on the T, of the supported film can be erased by
irreversible adsorption. Koga et al.'® and Wang®?*2! found that by changing the
thickness or structure of the adsorbed layer, the effect of suppressing chain dynamics
could propagate to distances of several tens of nanometers away from the substrate.

It has been suggested that the adsorbed layer thickness could be a valuable
parameter for evaluating the strength of interfacial interactions. Napolitano et al.!%-16
reported that expediting the adsorption of a polymer chain onto the substrate by
prolonging annealing time increased the 7, of thin films. They verified that the extent
of increase in 7, is proportional to the available free volume at the interface.!® This
was demonstrated by direct experimental evidence,S as it was observed that the 7, of
thin supported PS films increased linearly with increasing /,4s/Ry (h4s, the adsorbed
layer thickness on solid substrate; R,, the radius of gyration of PS). The value h,4s/R,
is related to the number and conformation of PS adsorbed chains, with a higher value
of h./Ry implying a more stretched conformation together with more adsorbed
polymer chains existing on the solid substrate.!® Further, Zuo et al.” designed
adsorbed chains with various loop sizes and indicated that larger loops were more
efficient in propagating interfacial effects to the interior region because of the stronger
topological constraints between the loops and the upper free chains. Similar results
were also reported in a study which found that the distance of the suppressed local

dynamics of poly(ethylene terephthalate) from the substrate could be scaled by the

4
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adsorbed layer thickness.?*?? This effect of adsorbed chains on the dynamics of thin
films has usually been attributed to the formation of an overlap zone between the
adsorbed layer and the upper free polymer chains, in which the neighboring polymer
chains efficiently entangle with the loops of the adsorbed chains and suppress the
chain mobility near the solid substrate. The thickness of the overlap region between
the bulk-like layer and the adsorbed chains increases with an increase in /,4¢/R,,
further increasing the propagation distance of the interfacial effect.”1>2° Therefore,
the nature of the overlap zone is very important in understanding the interfacial effect
in nanoconfinement systems and nanocomposite materials. However, few studies
have focused on the overlap zone so the relationship between it and the corresponding
dynamics of supported thin polymer films is unclear.

It has been reported in previous theoretical works?® that the adsorbed chains can
form loop, train and tail conformations. Recently, Koga et al.?*?® experimentally
showed that the adsorbed layer is composed of both a flattened and a loosely adsorbed
layer. The thickness of the adsorbed layer depended on the molecular weight and
annealing temperature; but the thickness of the flattened layer depended only on the
interaction between substrate and segment. In this paper, various thicknesses of a
loosely adsorbed PS layer were prepared using various molecular weights of PS and
annealing temperatures. The 7, of thin PS films with various thicknesses supported on
loosely adsorbed PS layers were investigated. The results showed that the T, of the PS
films were perturbed markedly by the thickness and molecular weight of the adsorbed

layer. Direct observation using neutron reflectivity (NR) showed that the thickness of

5



Soft Matter

the overlap zone correlated well with the distance of the interfacial effect propagation.

2. EXPERIMENTAL SECTION

Materials. Monodisperse polystyrenes (APS) with four different molecular
weights: PS40 (M,, = 40 kg mol'!, PDI = 1.05); PS222 (M,, = 222 kg mol’!, PDI =
1.06); PS442 (M,, = 442 kg mol"!, PDI = 1.07); PS785 (M,, = 785 kg mol’!, PDI =
1.07) and deuterated polystyrene (dPS) (M,, = 252 kg mol!, PDI = 1.05) were
obtained from Polymer Source Inc. (Canada). PS end-capped with
2-perfluorooctylethyl methacrylate (FMA) units (PSss-ec-FMA,, PDI = 1.15) was
prepared by atom-transfer radical polymerization (ATRP), as previously
described.?30

Preparation of PS adsorbed layers on SiO,-Si substrates. PS films with
various thicknesses were produced by spin-coating toluene solutions of different
concentrations onto silicon wafers with a native oxide layer (~2 nm). The spin-cast
films (thickness > 8R,) were then annealed at 423 K for different times to produce
various loosely adsorbed layers. The unadsorbed chains were subsequently leached by
toluene according to Guiselin’s experiment.3! The thicknesses of the adsorbed layers
were determined by ellipsometry.

Preparation of PS film supported adsorbed layers and their T,
measurements. The PS films supported by adsorbed layers were prepared by
spin-coating the toluene solution onto the SiO,-Si substrates with various thicknesses

of the adsorbed layer. Then, the films were annealed under vacuum at 393 K for 24 h.

6
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Fig. S1 (ESIf) shows the T, and A, of 60 nm thick PS film supported on 6 nm
adsorbed layer with various annealing times (24 h, 48 h and 72 h). It is found that the
T, and hyg are the same within experimental error with different annealing time.
Hence, the films annecaled at 393 K for 24 h is sufficient to remove residual solvent
and equilibrate the film. The 7, values of the equilibrium PS films were determined
by ellipsometry (EP3SW, Accurion GmbH Co., Germany) with a heating rate of 2 K
min-! and obtained from an inflection point in the normalized thickness vs. T linear
correlation, as shown in Fig. S2 (ESIY).

Determination of the propagation distance of the interfacial effect. The
diffusion of polymer chains with fluorinated tracer-labeled multilayer films was used
to detect the propagation depth of the substrate effect with various adsorbed layers, as
in our previous work.>> The multilayer films were produced by combining
spin-coating and floating techniques as previously reported.’3-** In the present study,
the bottom layer is an adsorbed layer of PS. Various thicknesses of PSyy5-ec-FMA,
layers were then spin-coated with toluene solutions onto the adsorbed layer as the
middle layer. To remove the solvent and equilibrate the film, the films were annealed
under vacuum at 393 K for 24 h. The upper PS222 layer (about 50 + 2 nm) was
finally obtained by a water-casting method.?> The multilayer film samples were dried
at 323 K for 72 h under vacuum to remove water and the residual solvent. The
thickness of each layer was determined by ellipsometry.

X-ray reflectivity (XRR). XRR was used to measure the density distribution of

the adsorbed layers by using a Bruker D8 Discover system with a Cu-Kao radiation
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source at room temperature. The evolution of the X-ray beam reflectivity with its
incident angle (6) was detected as a reflectivity curve. This curve was fitted by a
multilayer model to obtain the mass density profile.

Neutron reflectivity (NR). A Soft Interface Analyzer (SOFIA)3¢37 (BL-16,
Materials and Life Science Facility, Japan Proton Accelerator Research Complex
(J-PARC), Tokai, Japan) was used for the NR measurements. Neutron beams were
guided from the air side into the dPS film with a wavelength (1) of 0.25 to 0.88 nm,
and the detection of the reflected beam was performed under specular conditions.
Reflectivity was calculated by the function ¢ = (4n/A) sin 6, where @ is the incident
angle of the neutrons. Reflectivity was also obtained from the base of the (b/V) profile
along the normal direction by the software MOTOFIT.3® The (b/V) values of SiO,,

hPS, and dPS were 3.48x10%, 1.28x104, and 6.36x10-* nm, respectively.

3. RESULTS AND DISCUSSION

3.1 Effect of substrate with various thicknesses of adsorbed layer on the 7, of
supported thin PS films

To investigate the effect of the adsorbed layer on the T, of the supported thin PS
films, substrates with various adsorbed chains were prepared by varying the annealing
temperature and the molecular weight of PS. Fig. S3 (ESI{) shows that the
equilibrium thickness of the adsorbed layer was about 0.67R,, which is molecular
weight independent. The XRR profile of a 10.9 nm-thick adsorbed layer for PS442

shown in Fig. S4a (ESI{) confirmed this two-layer structure. These findings are in

8
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agreement with those previously reported.?®?® Concurrently, Fig. S4b (ESIT) shows
that the surface of the adsorbed layer is homogeneous. In this paper, such adsorbed

layers were used as substrates for the supported thin PS films.

(a) (b)
380 16000
o PS222
12000 O PS442
- A PS785
y 370 ]
~. 8 8000 A
& v 1L7nm E:"c o]
360 - * 3.8nm _
< 6,0 nm 4000 |- [m]
» 8.8nm
350 1 1 0 1 1 1 1 1
10 100 0 2 4 6 8 10 12
Thickness of PS film / nm hﬂds / nm

Fig. 1 (a) Thickness dependence of 7, for PS222 films supported on adsorbed layers with various
h.gs. The solid curves are the best fits obtained by Equation (1). (b) The relationship between

fngg(z)dz and /.4, for PS222, PS442 and PS785 films.

The T, of PS222 films supported on adsorbed layers with various thicknesses are
presented in Fig. 1a. The results indicate that the 7, first decreased and then increased
with reducing film thickness. This was different behavior from that observed for the
PS film supported on neat SiO, (Fig. S5, ESI{) which monotonously decreased with
decreasing film thickness, as previously reported.! A critical thickness (4*) was
defined as the inflection point of the curve, below which the 7, showed the lowest
value. This phenomenon was also observed for PS-COOH on an SiO, substrate3®-40
and PS supported on an adsorbed layer with various sizes of loops."” The authors of
these previous studies attributed this phenomenon to the 7, of the films first
decreasing due to a dominating free surface effect and then increasing due to a

dominating interfacial effect.*!*> The critical thickness A" clearly represents the
9
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transition from domination of the surface effect to interfacial effect, and 7, g*, defined
as T, at ", increased with increasing thickness of the adsorbed layer. The larger /#*
and higher 7," indicate that the thicker adsorbed layer enhances the interfacial effect
of the supported PS film. Based on a three-layer model, the contribution of interfacial
effects on 7, of the supported PS films could be identified by fitting the curve of Ty(h)
with film thickness using Eq. (1).1.74

fngg(z)dz

ryn = SR O]+ n

The Ty(h) value includes the contribution of a free surface layer, a bulk layer and
an interfacial layer. In Eq. (1), the first term describes the effect of the free surface.
For a PS film, the free surface-related parameters y and & are 3.2 £ 0.6 nm and 1.8 +
0.6, respectively.!** The second term in Eq. (1) is the contribution of the suppressed
interfacial dynamics to the 7, of the whole film. T,(z) are the local 7, values at
different locations in the interfacial layer. | ZlT o(z)dz 1s the sum of Ty(z) of all of the
interfacial layers at various distances from the adsorbed layer and is a very effective
parameter for scaling the interfacial effect, in which 4; is the thickness of the
interfacial layers. Fig. 1b shows that fng o(z)dz increases with increasing thickness
of the adsorbed layer (/,45). This result shows that the suppressed interfacial dynamics
were reinforced by increasing /.4 According to the results obtained from the
adsorbed layers on the SiO,-Si substrate from PS films with various thicknesses as
shown in Fig. S6 (ESIf), the observed monotonous decrease with thickness of the 7,
of the PS films on neat silicon substrates was attributed to the weak interfacial effect

caused by the thinner adsorbed layer when the thickness of PS film became much
10
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thinner.

The effect of the molecular weight of the adsorbed layer on the T, of the thin PS
films was also investigated. The fng o(z)dz values of PS films supported on
adsorbed layers with PS442 and PS785 obtained from the data shown in Fig. S7
(ESIT) are presented in Fig. 1b. Similarly, the results suggest that the suppressed
interfacial dynamics were reinforced by the thicker adsorbed layer. The correlation
between the integral term in Eq. (1) and the molecular weight of an adsorbed layer
with a similar thickness was plotted and is presented in Fig. 2. It was found that
f ZlT o(z)dz increased with increasing molecular weight at a given /,gs. This result
indicates that the molecular weight of the adsorbed layer also plays a key role in the
dynamics of supported polymer films except for the thickness of the adsorbed layer.
The suppressed interfacial dynamics could thus accordingly be reinforced by

increasing the molecular weight of the adsorbed layer.

14000
hads
O 3.5+0.5nm
O 85+0.5nm -
10000 |- _-
< -
S Lo~
_
= -
<o gooof & "0
o -7
d -
2 1 M 1 " 1 " 1 " L " (] 2 (]

200 300 400 500 600 700 800
M of adsorbed layer / KDa

Fig. 2 Contribution of interfacial effects [ QIT o(z)dz as a function of molecular weight of the

adsorbed layer. PS222 was used as the supported thin film.
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Most reports®71620 have indicated that with increasing /.4, the segmental
dynamics were severely perturbed in polymer films. Both Napolitano!® and Wang®
revealed a linear relationship between /,4; and T,. Napolitano et al.’d reported that the
h,gs increased with annealing time, leading to a limitation or even total elimination of
the free surface effect. The increases of 7, linearly relate to the degree of adsorption,
which was attributed to the decrease of the free volume at the interfacial regions.
Glynos et al.** found this to be the case for, independently, either the molecular
weight or the functionality of the arms in the case of star-shaped chains, which
confirmed the validity of this relationship. However, it is interesting that the
molecular weight of the adsorbed layer has an obvious effect on the 7, of the
supported PS films. To obtain a better understanding of the effect of the molecular
weight of the adsorbed layer, the distance of segmental mobility suppressed by the

adsorbed layer was investigated.

3.2 Effect of the adsorbed layer with various M, on the propagation
distance of the interfacial effect

It is well accepted that the interfacial effect is a long-range effect. Therefore, the
propagation distance is very important and could be regarded as a key parameter for
perturbing the dynamics of the films. We next focus on the propagation distance of PS
chains dynamics suppressed by the adsorbed layer using a fluorinated tracer-labeled
method.3? A typical multilayer film as shown in Fig. 3a was fabricated, consisting of a

bottom adsorbed PS layer, a middle layer with a variable thickness PS,;s-ec-FMA,,

12
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and an upper layer of PS222 (50 & 2 nm). Upon annealing at 403 K (Tgulk+ 30 K), the
PSyp5-ec-FMA,; chains diffused from the middle layer to the free surface, resulting in
an increase in water contact angle (CA) as previously reported.3? The critical time (¢*)
needed for the PSy5-ec-FMA, chains to reach the top surface was obtained from the
intersection of two straight lines, as shown in Fig. 3b. It is worth noting that the value
of 7" is usually obtained within 1 h, which is really short that the growth of adsorbed
layer can be ignored even at 423 K, see Fig. S3 (ESIf). Fig. 3c shows the relationship
between the thickness of the PSyyg-ec-FMA,; layer (/iq) and the critical time (¢) with

various adsorbed layers.

(@) ) 10,
2. 100}
o L
g" 98 |-
s L
s 9%}
E L
S
S L
E 92 Boia =28 nm
B“ 00 - — h,gs=7.1nm
] t
88 1 ] 1
100 1000 10000 100000
Time /s
(c) ()
100 | © PS222 .~
A PS442 V
[ v PS785 7
—~ v A
. 80 - v .
] £ &
? A
K £ o
Y PER) o
O 7.anm = 60} A )
¥ 4.7nm ¥e)
& Peiil o
1 i 1 i 1 i 1 i 1 i 1 i 40 1 1 " 1 L 1 " 1 i 1 i
20 40 60 80 100 120 140 0 2 4 6 8 10 12
h_ /nm h . /nm
mid ads

Fig. 3 (a) Schematic of a multilayer film sample and the diffusion of the PSyy5-ec-FMA,. (b) The
evolution of water contact angles (CA) on the surface of a multilayer film with annealing time at
403 K. (c¢) Relationship between the critical time (¢*) and the thickness of the middle layer (Ay;q) in
multilayer films on the adsorbed layer. The molecular weight of the adsorbed layer was 222
kg/mol. (d) Relationship between h.* and the thickness of adsorbed layer on the substrate for
PS222, PS442 and PS785 (T'=403 K).

13


javascript:;
javascript:;

Soft Matter

It is apparent that the ¢* value increased as the &4 decreased at hiq < A", due to
the increasing influence of the adsorbed layer on chain mobility near the substrate. In
contrast, when A4 > h.*, the chain mobility of the labeled PS at the interface was not
affected by the adsorbed layer, thereby leading to a constant * value. Accordingly, the
propagation distance of the interfacial effect could be marked as A, as verified
previously.3? It was observed that the value of 4.* was approximately 45.3 nm to 68.4
nm, with the thickness of the adsorbed layer changing from 1.6 nm to 8.8 nm. Fig. 3d
presents A" values for various thicknesses of the adsorbed layer prepared by PS with
M., of 222, 442 and 785 kg/mol, respectively. It may be observed that A.* increased
linearly with increasing thickness of the adsorbed layer (h,4). Interestingly, h.* was
dependent on the molecular weight of the adsorbed layer. At the same thickness of
adsorbed layer, the A." increased with increasing M. Additionally, the slopes from
the relationship between A." and h,q, were the same for the films with different A,,. By
comparing Fig. 1b and Fig. 3d, it is clear that the integral term [ ngg(z)dz, namely the
contribution of the suppressed interfacial dynamics, was related to A *. That is, A
values indicate that the substrate effect propagated to a greater distance from the
substrate. The data shown in Figs. 2 and 3d indicate that the molecular weight
dependence of the integral term at the same /g is attributed to 4.°, whereby higher
molecular weights of the adsorbed layer present a longer influencing distance
suppressed by the adsorbed layer. The results of our previous reports®7-2% in which the

suppressed 7, of supported polymer films and A" were only related to /,4/R,, are

14
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different from the results shown in Fig. 1b and Fig. 3d. This difference may be
attributed to the complicated structure of the adsorbed layer. In the current study, the
adsorbed layer did not a reach a “quasiequilibrium” state. This factor will be studied
more closely in our next work.

In our previous work, /" was adjusted by changing the loop size of the adsorbed
chain at the substrate’® and the phenyl group content on a phenyl group-modified
substrate.? The interface-induced PS viscosity and 7, increased linearly with the
distance of chain mobility suppressed by the substrate.>’ Zuo’ and Bram* found that
strong interpenetrations between the adsorbed layer and the free chains in the film
impacted thin film dynamics. It is reasonable to suggest that the adsorbed layer
entangles with free chains, affecting 4.~ and suppressing the dynamics of the
supported film. Therefore, we next discuss how the interpenetration region impacts
h." and the segmental dynamics. At the same time, we try to clarify the mechanism of
the dependence of the molecular weight of the adsorbed layer on both %." and the

segmental dynamics of supported PS films.

3.3 Mechanism of the T, of thin PS film supported on substrates with
various adsorbed layers

Dewetting experiments are extremely sensitive methods for investigating
polymer/solid interfacial interactions, such as the friction coefficient,*4” and depth of
interpenetration.*® Due to the difficulty in observation of dewetting for overlayer PS

film with high molecular weight, PS40 with a relatively low molecular weight was
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used as a supported thin PS film (about 45 nm) atop a PS adsorbed layer. Fig. S8
(ESIt) shows that the dewetting behavior was suppressed with an increase in both the
thickness and M,, of the adsorbed layer. These observations are similar to Jiang’s
report that a high M,, adsorbed layer made the PS overlayer more stable (not
dewetting) compared to a low M,, layer.?® They attributed this phenomenon to the fact
that long chains in the adsorbed layer penetrate into the overlayer to form a thick
overlap zone. The dewetting result conforms to the relationship between the
propagation distance of the interfacial effect and the thickness or molecular weight of
the adsorbed layer.

NR measurements using deuterated polymer were conducted to study the
interpenetration region between the adsorbed chains and the upper layer free chains.
A dPS (M,, =252 kg mol'!, PDI = 1.05) overlayer (about 45 nm) was prepared on the
adsorbed layer, and the interpenetration process was examined at room temperature.
Fig. 4a shows the typical NR results for the 45 nm thick dPS films supported on
adsorbed layers with various thicknesses prepared by PS222 and annealed at 393 K
for 24 h. Fig. 4b shows the scattering length density (b/V) profiles of the films which
gave the best-fit reflectivity. The fitting parameters are presented in Table S1 (ESIY).
The (b/V) values of the adsorbed molecules 4#PS and top layer dPS were about
1.28%10* nm? and 6.36x10** nm respectively as shown in Fig. S9b (ESIt). As APS
in the adsorbed layer penetrated into the top dPS films, the (b/V) value close to the
substrate would decrease. From Fig. 4b, it is clear that the dPS chains could

interpenetrate into the adsorbed layer reaching to the SiO,-Si surface (i.e., b/V(,~) =

16
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3.5x10* nm?2) regardless of the thickness of the adsorbed layer (4.4). This
phenomenon also means that the adsorbed layer is not “frozen” during annealing.
Furthermore, the interfacial width in which region the (b/V) value was lower than
6.36x10* nm? and higher than 1.28x10* nm broadened with an increase in /s,
thus increasing the entropy of the free chains in this way. Thus, it is reasonable that
this interfacial width can be considered as an overlap region (4°R) in which the APS
chains in the adsorbed layer and dPS chains in the top films penetrated each other. At
the same time, it is clear from the data in Fig. 4b and Table S1 (ESIY) that A°R

increased with increasing thickness of the adsorbed layer (/.4s).

(a) (b)
7
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= 5|
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~ -
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s\ 3F ——3.1nm
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0 . ) ) L
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8 Distance from substrate, z / nm
= ©),
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Fig. 4 (a) NR profiles of ~45 nm thick dPS films supported on an adsorbed layer with various
thicknesses prepared by PS222. Open symbols and solid lines represent the experimental data and
the best fits to the NR profiles, respectively. (b) (b/V) profiles of ~45 nm thick dPS films
supported on PS adsorbed layers with various thicknesses annealed at 393 K for 24 h. (c) (b/7)
profiles of dPS films supported on a PS adsorbed layer of about 5.0 nm prepared by PS222, PS442
and PS785 annealed at 393 K for 24 h.
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To understand the effect of the molecular weight of the adsorbed layer, the
thicknesses of the overlap region (4°R) for adsorbed layers prepared from PS442 and
PS785 were investigated using NR and the results are presented in Fig. S10 (ESIY)
and Table S2 (ESIt). It is clear from the data shown in Fig. 4c that the thicknesses of
the overlap region (A°R) increased with the increase of the adsorbed layer molecular
weight at similar 4,4, When the value of /.4 was about 5.0 nm, 4R was 13.0 nm
(0.992 R,), 16.8 nm (0.908 R,) and 22.3 nm (0.906 R,), corresponding to 222 kg/mol,
442 kg/mol and 785 kg/mol of M, of adsorbed layer, respectively. This result
suggests that the thickness of the overlap region is related to the size of the polymer of
the adsorbed layer, revealing that both an increase in thickness and M, of the
adsorbed layer may result in an increase in the overlap region (h°R) between the
adsorbed layer and the PS overlayer on top of the adsorbed layer.

In Fig. 5a, the A°R (from Tables S1 and S2, ESI}) is plotted against M,, for PS
adsorbed layers with similar 4,45 and A,qs/R,. The hOR increased with increasing M,, of
the adsorbed layer. Fig. 5b shows that both 4" and [ ngg(z)dz increased linearly with
increasing #OR. The data for the thickness of the overlap region for various molecular
weights of adsorbed layers collapsed to a straight line. These results clearly
demonstrate that the propagation distance of the influence of the adsorbed layer of
thin PS films can be scaled by the overlap region of the suppressed interfacial
dynamics. These results help to clarify the interfacial effects of confined polymers,
i.e., the effect of the adsorbed layer varies with M,, and thickness, which can be

18
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combined with the thickness of the overlap region.
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Fig. 5 (a) Thickness of overlap region (A°R) between APS adsorbed layer with various molecular

weights and dPS top film obtained from NR data fitting results. (b) Dependence on AR of 4" and

fngg(z)dz.

The effects of the molecular weight and thickness of the adsorbed layer on the 7,
of supported thin PS films can be described by the concept of ‘‘connector molecules’’
as reported by de Gennes*® and verified by Reiter et al.##° The latter found that long
grafted bush chains (as the “connectors™) strongly suppressed dewetting in bilayers.
This observation was attributed to the mechanism whereby the other end of the
brushes act as a connector and penetrate into the upper layer in order to regain their
equilibrium Gaussian conformation, thereby aiding the connector pull-out forces.#7-3
The PS adsorbed layer on the substrate surface consisting of high molecular weight?®
or larger loops’ were reported to be preferable for forming a stable interface between
the adsorbed chains and the free polymer layer interface or to improve their adhesion.
The improved stabilization overlayer may be attributed to the long-grafted molecules
and large loop sizes of the adsorbed layer acting as the connectors easily forming

stronger interpenetrations between molecules in the adsorbed layers and the free

19



Soft Matter

chains in the film.46-47.50

It is widely reported both from theoretical and experimental approaches?®3!:3!
that the conformations of polymer chains adsorbed onto a substrate can be described
by a “loop-train-tail” model.>> Here, loops and trains are polymer segments contacting
either directly or not contacting the solid substrate at all, respectively, and the tails are
chain ends which not do contact the surface. This model provides a precise balance
between the attractive polymer chains and the surface’® and reflects the
conformational and translational entropy loss caused by the immobilization of a
polymer chain adsorbed on the substrate surface. It has been widely reported?4-2¢ that
the adsorbed layer consists of flattened chains (i.e., a flattened layer) and loosely
adsorbed chains. Before reaching the “quasiequilibrium” state, the thicknesses of the
flattened layer and the loosely adsorbed layer increased with increasing annealing
time.232% During this process, the number of trains in the adsorbed chain increased
and the numbers of loops and tails in the adsorbed chains consequently decreased.
Since the adsorbed layers used in this study were mostly in a “pre-quasiequilibrium”
state, many of the adsorbed chains thereby existed in the loops and tails
conformations. Therefore, in this experiment, the observed increases in adsorbed layer
thickness and molecular weight may have been caused by the increasing numbers of
large loops and long tails in the adsorbed chains on the solid substrate surface and in
the loosely adsorbed chains on its top surface. For similar /4,4, and high molecular
weight, the adsorbed layer contains a relatively low amount of adsorbed polymer
chains which consist of relatively large loops and long tails, with few direct contacts
with the solid surface. Daoulas et al.>*> reported that the equilibrium conformations
of polyethylene adsorbed molecules were further characterized by considering the

properties of tails, loops, and trains, as derived by self-consistent field analysis from
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the two coarse-grained models and from the atomistic simulations. It is found that
with increasing the chain length in adsorbed layer, the number of tail and loop chains
increase while the proportion of trains decreases. According to the explanation
proposed by de Gennes,>¢ the dynamic character can be transmitted from one part of
the chain to another part. Experimentally, surface-enhanced interfacial slippage®’ and
an increase in effective viscosity, nes, were previously observed for PS films with
similar thickness to R, treated by UVO?8 due to the chain connectivity on the substrate
surface. Roth et al.*® also found that for PS chains adjacent to the PS-grafted chains,
the chain connectivity played an important role in 7, perturbation over a wide range
(~ 100 nm). In our previous report,*’ the weak molecular weight dependence of the 7,
for PS single chains end-grafted on the substrate was observed, indicating that the
lower mobility character of segments around the grafted point may be transferred to
other parts along the polymer chain owing to the connectivity between substrate and
end-tethering chains. Therefore, the results in this paper could be explained as
follows. The distance of segment mobility suppressed by the adsorbed layer was
dominated by the length of the loops and tails in the adsorbed chains on the substrate
and the loose chains on the top. When the adsorbed layer was prepared by PS with
high molecular weight, a thicker overlapped region was formed due to long tails and
large loops in the adsorbed layer, resulting in a long influencing distance of the
substrate effect. This is similar to the results reported for PS thin films supported on
short and long grafted brush blends, with the long brushes serving as the connectors,
resulting in a large interfacial region.*’ This is why both the distance of the polymer
dynamic suppression from the substrate (4.") and the thickness of the overlap zone
increased with increasing PS molecular weight in the adsorbed layer. At the same
time, the interpenetrations and entanglements between chains in the adsorbed layers
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and the free chains in the overlayer resulted in a substrate effect and suppression of

the segmental dynamics of the supported thin PS films.

4. CONCLUSIONS

This paper provides a new insight into the interfacial effects on the segmental
dynamics of nanoconfined polymers. It was found that the thickness and molecular
weight of polymer adsorbed chains atop the substrate have a key effect on the
propagation of suppressed dynamics. The adsorbed chains with greater thickness are
more efficient because of the formation of a thicker overlap region with free chains,
which allows the interfacial effects to be propagated far from the substrate. At a given
hags, the distance to which the interfacial effect propagates became longer with
increasing M,,. Accordingly, the 7, of supported PS film was enhanced by the
molecular weight of the adsorbed layer. The reason for this enhancement was
attributed to the influencing distance being determined by the overlapped zone in
which the adsorbed layer with high molecular weight has long tails resulting in a
thicker overlapped zone, which ultimately causes stronger suppression of the
corresponding segment dynamics of supported thin polymer films. These findings
allow us to use the rationalized design of the adsorbed layer to manipulate the
propagation distance of interfacial effects, and more precisely, the height and M,, of
the adsorbed layer. These results thus have strong implications for controlling the film
stability and have considerable potential for the future design of polymer

nanocomposites.
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