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Growing experimental evidence shows that the behavior of polymer chains confined at the nanoscale level
strongly depends on the degree of adsorption correlated to the number density of monomers pinned onto the
supporting substrate. In this contribution, after introducing the physics behind the mechanisms of irreversible
adsorption, we review recent experimental observations on how adsorption affects properties of polymer
melts confined in 1D, focusing on those related to the thermal glass transition, maximumwater uptake, viscosity
and crystallization. These findings strongly support a new physical framework of confined soft matter, not triv-
ially limited to finite size effects and interfacial interactions, but also enriched by non-equilibrium phenomena.

© 2017 Elsevier B.V. All rights reserved.

Keywords:
Polymer melt
Irreversible adsorption
Nanoconfinement
Glass transition
Crystallization
Viscosity

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
2. Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3. Glass transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
4. Hydrophobicity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
5. Surface viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
6. Crystallization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
7. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0

1. Introduction

The glassy dynamics of soft materials confined at the nanoscale level
has been object of intense investigation since more than 20 years [1,2].
The interest toward the dynamics at the nanoscale originated from the
large success of theories predicting a characteristic length scale of the
glass transition, ξ, on the order of a few nm [3]. As a consequence,
glass-forming materials would show finite size effects when confined
into objects having at least one dimension reduced to a few ξ's; 1D con-
finement is for example obtained in thinfilms,while 2D and 3D confine-
ment is instead achieved in nanopores and nanospheres, respectively.

Importantly, regardless of their premises, different theoretical ap-
proaches provide the same temperature dependence of ξ, which in-
creases upon cooling, reaches 1–5 nm at the glass transition
temperature, Tg, and diverges at a critical temperature TC b Tg. In the
model proposed by Adam and Gibbs [4] in 1965, ξ is given by the char-
acteristic dimension of the cooperative rearrangement region (CRR),
corresponding to the smallest volume inside which a transition to a dif-
ferent configuration can take place, without perturbing the position of
molecules outside the region and on its boundary. According to the Ran-
dom First Order Transition theory (RFOT) [5], ξ is identified as the dy-
namics correlation length of the within entropic droplets, solid-like
regions with aperiodic crystalline structure. ξ here represents also the
characteristic length scale of the dynamic heterogeneity, as the entropic
droplets are spatially and morphologically independent. In the frame-
work of the two-order-parameter model (TOP) [6–8] a similar scenario
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is proposed. Droplets are replaced by solid-like regions with medium
range crystalline order (MRCO) forming inside the isotropic liquid,
and the concept of cooperativemotion is reinterpreted via orientational
correlation among neighboring molecules, stimulated by the presence
of directional bonds [9]. Despite the large efforts to verify the correct-
ness of the prediction on ξ(T), it is now evident that the behavior of con-
fined glassformers is affected by more than just these simple finite size
effects [10,11]. As a matter of fact, interfacial interactions alter confor-
mations and trajectories of molecules in proximity of interfaces at
length scales way larger than ξ. Consequently, the mere effect of finite
size effects cannot be promptly deconvoluted from that of interfacial in-
teractions. But, how do interfaces affect dynamics? Focusing on the glassy
dynamics of nanoconfined polymers [2,12,13], the most widely investi-
gated phenomenon, both the roughness of the supporting interface and
the nature of the interaction potential between monomers and sub-
strate should be considered. For a comprehensive introduction to the
glass transition of polymers in bulk, confined geometries, and near in-
terfaces the reader may refer to a recent review paper [14], here we
will focus on those perturbations in Tg imposed by solid interfaces. Sem-
inal work by Scheidler et al. predicted an increase in structural relaxa-
tion time, τ, and hence slower dynamics for Lennard-Jones fluids in
proximity of rough substrates [15,16]. In the case of polymers, this hy-
pothesis has not yet been verified. How the interfacial potential affects
dynamic is, instead, still argument of debate. Experimental evidence
by Fryer et al. indicated a linear proportionality between the shift in
thermal Tg – the transition point, between the non-equilibrium glassy
state and the equilibrium liquid (rubbery) state, observed while scan-
ning at constant rate the temperature dependence of quantities sensing
volume, e.g. via ellipsometry or capacitive dilatometry, enthalpy, e.g. via
calorimetry, …– and the interfacial energy [17]. Further analysis by
Napolitano and coworkers [18] and more recently by Floudas and co-
workers [19] confute the original trend proposed by Fryer. Moreover,
further confusion in these analyses is given by the assumption that a
shift in thermal Tg is univocally related to a change in dynamics, that
is, an increase in thermal Tg would correspond to slower interfacial dy-
namics, while a reduction in τwould be related to a drop in thermal Tg.
Such a correlation, valid in bulk via the Frenkel-Kobedo-Reiner relation
[20] is actually not granted upon confinement –for a review on the
breakdown of this fundamental relation the reader may refer to the
work of Priestley and coworkers [21] and to the seminal papers of
Fukao et al. [22] and Boucher et al. [23]

A solution to this problem could come from the recent hypothesis of
Simmons and coworkers [24,25], correlating the ratio between the con-
fined and the bulk thermal Tg to its suppression in a freestanding film of
equivalent thickness, increased by a factor proportional to the work of
adhesion and the softness of confinement. The latter quantity is an ex-
ponential term of the ratio of the Debye-Waller factors of the confining
medium (substrate) and of confined material, while the former indi-
cates the energy necessary to separate the polymer and the substrate
to an infinite distance. Thework of adhesion,ΔW, can be parameterized
as: [26]

ΔW ¼ Ndir Wmm þWss−2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
WmmWss

p� �
¼ NdirWms ð1Þ

wherem and s respectively indicatemonomer and substrate properties,
Wij is the energy per unit area to bring in contact the species i and j in
vacuum, and Ndir is the number of monomers in direct contact with
the substrate. The experimental validity of this assumption is ensured
by measurements performed before the publication of the model [11,
27]. Here we stress on the evidence that, of all the parameters present
in this framework, onlyNdir can befinely tuned. The others are univocal-
ly identified once film thickness and the chemical nature of the polymer
and substrate has been fixed.

Routes to create materials with desired interfacial dynamics should
then focus on methods allowing a direct control of the number of

monomers in direct contact with the substrate. The most straightfor-
ward way to achieve this goal is to control the amount of polymer
chains adsorbed onto the substrate. In the following sections, after in-
troducing our recent work on the kinetics of adsorption of polymer
melts, we revise current literature on how adsorption affects the prop-
erties of polymers confined at the nanoscale level.

2. Kinetics

Previous work, based on limited data set, proposed that the kinetics
of adsorption of polymermelts onto solid substrates should follow a sat-
urating exponential law [28] of the type

hads tð Þ ¼ ht¼0 þ Δh 1− exp −t=tadsð Þ½ � ð2Þ

where hads is the thickness of the adsorbed layer, ht = 0 is its value at t=
0,Δh the increase in thickness during thewhole kinetics and tads a char-
acteristic time of the process. The use of thicknesses of the adsorbed
layer rather than an adsorbed amount is justified by the extremely
small surface roughness of this samples (typically b4 Å) [29,30] and
by the direct proportionality between adsorbed amount and thickness,
valid in the hypothesis of density of the adsorbed layer comparable to
that of bulk samples. The latter hypothesis is verified considering the
linear relationship with slope on the order of unity between the abso-
lute values of thickness values obtained via atomic force microscopy
and the result of an ellipsometric model using bulk density [31].

Eq. (2) represents a kineticswhere the adsorption rate is proportion-
al to the space available at the adsorbing interface. While valid in the
case of small molecules, this expression cannot be applied to polymers
since it implies that molecules assume always the same conformation
within the whole adsorption process, and that the “pinning” of mole-
cules is a reversible process. On the contrary, experimental work by
Granick and coworkers [33] showed that the number of contact made
by a chain onto the substrate decreases with the adsorption time and,
in turn, chain conformations change with the thickening of the
adsorbed layer, as confirmed by work by Koga and coworkers [34,35]
– to which the reader might refer for a discussion on the structure of
adsorbed layers. Moreover, even in the case of an energy gain upon pin-
ning of one monomer is smaller than kBT, the process of adsorption of
the whole chain is irreversible: [36,37] desorption of one entire macro-
molecule would require the coordinated desorption of (almost) all the
directly adsorbed monomers, which is an extremely unlikely event.

Based on a large data set [31], see a few examples in Fig. 1, compris-
ingmeasurements at different temperatures above Tg onmonodisperse
samples of polystyrene (PS) within a broadmolecular weight range, we
proposed a new form of the kinetics of irreversible adsorption for poly-
mer melts including a linear growth at short annealing times followed
by a logarithmic thickening at longer times: [25]

hads tð Þ ¼ ht¼0 þ vt t≪tcross
hcross þΠlog t=t0ð Þ t≫tcross

�
ð3Þ

where v andΠ are respectively the growth rate in the linear regime and
in the logarithmic regime, hcross and tcross are the coordinates (thickness
and time) of the crossover point between the linear regression of
hads(t) at short annealing times and the logarithmic trend at longer
times, and t0 = 1 s.

The linear regime, reconcilable with Eq. (2) for t/τ b b1, is related to
a first order reaction mechanism where adsorption proceeds based on
the availability ofmonomers and free space at the interface. As the occu-
pied surface approaches saturation, such a simple adsorption mecha-
nism becomes less probable, chains need to stretch at the cost of a
larger entropic penalty, before pinning. Such process is self-retarding
and induced a reduction of the adsorption rate, in line with a logarith-
mic growth.
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