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We determine the adsorption rate of polymer melts by means of measurements of molecular mobility.
We show that the complex set of molecular rearrangements involved in the adsorption of polymers on flat
surfaces can be modeled as an equilibration kinetics driven by the slow Arrhenius process (SAP), a recently
discovered molecular mechanism. Our predictive model is based on the single hypothesis that the number
of chains adsorbed per unit surface within the timescale of spontaneous fluctuations associated to the SAP
is a temperature-invariant constant, not depending on the chemical structure of the polymer. Going beyond
the qualitative arguments setting a correlation between equilibrium and nonequilibrium properties, we
demonstrate that the rate at which an adsorbed layer grows does not depend on interfacial interactions.
By considering simple physical arguments, we demonstrate that this quantity can be straightforwardly
determined using the energy barrier of molecular motion as only input.
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The number of contacts made by molecules of neigh-
boring phases is a key parameter in determining the
macroscopic properties of hybrid materials, such as nano-
composites and thin coatings [1]. As a complete micro-
scopic description of the interface is not always available,
in the case of adsorbing media, for practical purposes, the
number of contacts can be substituted by the adsorbed
amount—meaning, the number of molecules adsorbed
per unit surface—or, equivalently, in the case of polymer
melts, by the thickness of the layer of adsorbed molecules,
hads [2]. Over the past decade or so, a series of correlations
between these quantities and relevant materials properties
such as wettability [3,4], gas carrying capacity [5], crys-
tallization rate [6], viscosity [7], molecular mobility [8]
and glass transition temperature [9], have been identified
in polymer melts. These results, achieved via a simple
physical approach (thermal annealing), are comparable to
those obtained by more cumbersome procedures, requiring
chemical modifications [10]. On the other hand, polymer
adsorption can be exploited to modify surface chemistry,
for example, in the case of sensors based on the nano-
pore geometry [11] or devices for macromolecular pattern
recognition [12]. Despite the possibility to adjust the
desired properties of polymers, a rigorous understanding
of the processing-property relations at the molecular level is
currently lacking. Controlling whole film properties by
varying the adsorbed amount requires knowing the rate at
which the adsorbed layer grows.
Determining the rate at which polymer chains adsorb is,

anyway, particularly challenging. Adsorption of polymer
melts presents, in fact, some peculiarities, which compli-
cate the development of quantitative models. Other than for

FIG. 1. (a) Kinetics of adsorption of poly(2-chloro styrene)
at selected temperatures. Symbols are measured data, while
continuous lines provide the expected time evolution of hads
based on the values of v, as predicted by our model and using
the value of ϒ, see Eq. (2), obtained from measurements
conducted on the polymers listed in Fig. 2; see Fig. S2 for
more information on the kinetics [13]. (b) The experimental
values of the adsorption rates (blue circles) are shown together
with molecular rates of the SAP (red squares) and the α-
process (white diamonds); the logarithm of these quantities is
plotted as a function of the inverse temperature, because in
such representation straight lines correspond to constant
activation barriers. The continuous blue line depicts the
predictions of Eq. (2), with the shaded area indicating 1
standard deviation. The dashed red line provides the temper-
ature dependence of the relaxation rate of the SAP according
to an Arrhenius equation fSAPðTÞ ¼ f0 expð−ESAP=RTÞ, with
ESAP ¼ 90 kJ=mol and logðf0=HzÞ ¼ −12.24.
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small molecules, because of connectivity, polymer melts
can irreversibly adsorb even when the monomer-wall
interactions do not exceed the thermal energy, kBT (with
the Boltzmann constant kB and the temperature T) [20];
importantly, the amplitude of the interactions becomes
irrelevant as soon as surface affinity exceeds the small
threshold necessary to ensure irreversible adsorption [21].
As a consequence, the adsorption rate cannot be easily
parametrized in terms of the interfacial potential [22].
Furthermore, other than in dilute solutions and upon
imbibition in nanopores [23], adsorption of polymer melts
does not require diffusion of macromolecules through the
solvent towards the substrate [16]. Adsorption is, never-
theless, not immediate. Molecules already present at the
interface need to rearrange before getting pinned onto the
substrate: the whole process can get extremely slow
[24,25]. For polymer melts deposited on silicon oxide,
one of the most used materials in microelectronics [26],
formation of a stable adsorbed layer can take up to several
days even at temperatures well above the glass transi-
tion [17]. These large timescales are commonly associated
with the complex set of movements necessary to adsorb
large molecules in a crowded environment [27,28]. Chains
arriving at later times need to stretch and form longer
loops, because the empty spots—where adsorption is still
possible—might be available only at distances exceeding
several monomer sizes [20]. Additionally, incorporating
new chains into the adsorbed layer often involves desorp-
tion of monomers appertaining to molecules that adsorbed
at an earlier time. Because of that, the overall timescale of
adsorption increases with the probability of monomer
desorption, which is an exponential term of the mono-
mer-wall interaction [29].
From a kinetic perspective, this complex set of molecular

rearrangements can be treated as an equilibration kinetics,
and adequately modeled by identifying the molecular
process whose thermal barrier matches that of adsorption.
This commonly used procedure—based on the intimate
link between nonequilibrium and equilibrium properties
of a system [30]—requires expressing the rate, at which a
physical quantity (e.g., hads) evolves towards a steady state,
in terms of the rate at which molecules spontaneously
fluctuate. For example, the stability of amorphous pharma-
ceuticals is usually predicted based on measurements of the
structural (α-)process [31], while the mechanical response
of bulk metallic glasses is attributed to so-called β-relaxa-
tion [32]. Similarly, recent work [33] shows a correlation
between adsorption and slow relaxation modes—namely, the
slow Arrhenius process, SAP—present in the liquid dynam-
ics: the timescale of adsorption can be written as a multiple
of τSAP, the characteristic time of the molecular rearrange-
ments associated with this process. This reasoning corre-
sponds to a scaling law of the type ½dhads=dðt=τSAPÞ�∼
const, see Supplemental Material, Fig. S1 [13].

Here, we introduce a methodology capable of going
beyond these qualitative arguments and to quantitatively
predict equilibration rates, using, as only input, the energy
barrier of spontaneous fluctuations. Simple physical argu-
ments allowed us to determine the numerical constant
necessary to convert the rate at which the SAP sponta-
neously relaxes into the rate at which an adsorbed polymer
layer grows upon time. Application of this approach to a
broad class of commonly employed polymers provides
unique information on the physics of interfacial layers: We
show that the number of chains adsorbed per unit surface
within τSAP is a constant that does not depend on temper-
ature or on the chemical structure.
At sufficiently short times t, adsorption is not affected by

surface coverage and can be described by a zero-order
reaction mechanism [16]. These conditions lead to a linear
kinetics and to a straightforward determination of the
adsorption rate, v ¼ dhads=dt. While the same rate can
still describe the overall kinetics, at later times the effective
increase in adsorbed amount smoothly decays to zero as the
kinetics reach a stable state [17]. In Fig. 1(a), we show the
time evolution of hads upon adsorption of molecules of poly
(2-chlorostyrene) (P2ClS) on silicon oxide, at different
temperatures; see Supplemental Material for details on
sample preparation and on the experimental procedures
involved in the characterization of adsorbed layers [13].
Adsorption speeds up as temperature increases, which
indicates that, as expected, the phenomenon is governed
by molecular mobility rather than by an interfacial
potential. Such incremental change with temperature is,
however, much smaller than what would be expected
assuming a coupling between adsorption and the α-modes,
the mechanism commonly responsible for the equilibration
of polymer melts. The mismatch in the activation barriers
(¼ −R∂ ln v=∂T−1, where R is the gas constant) of the two
mechanisms is indeed—by far—too large in this temper-
ature range (Eads ¼ 99� 5 kJ=mol for adsorption vs 160 <
Eα < 430 kJ=mol for the α-process, see Fig. S3 [13]).
On the other hand, we observe a better match with the
activation barrier of the slow Arrhenius process (ESAP ¼
90� 1 kJ=mol), a relaxation process found in dielectric
spectra of P2ClS. This molecular mode, which can be
detected both in polymers and in small molecules [34], is
connected to a multitude of equilibration phenomena [33],
such as physical aging [35], dewetting [36], reentangle-
ment, and the formation of the liquid phase upon melting of
polymer crystals [37].
The SAP involves small scale rearrangements of inde-

pendent entities. Collective relaxation of these noninteract-
ing entities allows overcoming molecular barriers similar
to those of high temperature flow [38]. While this mecha-
nism might not be efficient in mass transport over length
scales exceeding the monomer size, the localized rearrange-
ments associated with this process (e.g., trans/gauche
conformational transitions) are sufficient at small enough
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distance from the interface to bring in molecules that can
eventually get pinned onto the adsorbing substrate.
Following this framework, we expect that v is proportional
to fSAP½∼τ−1SAP ∼ expð−ESAP=RTÞ�, the frequency at which
the material relaxes via the SAP. Importantly, this quantity
can be directly obtained via an impedance analyzer, in a
model free approach, as the maximum of a peak in the
dielectric susceptibility [18]; see Supplemental Material for
the further information on the experimental procedure used
to investigate the SAP dynamics [13]. The T dependence of
the adsorption rate can, hence, be expressed as

v ¼ v0 exp

�
−
ESAP

RT

�
: ð1Þ

At present, no theory can predict the exact value of the
adsorption rate: the preexponential factor, v0, remains an
elusive quantity. A parametrization of v0 would require a
microscopic model assessing how many molecules get
adsorbed per unit surface and unit time. Our approach is
capable of determining this parameter based on measure-
ments of the SAP molecular mobility only, meaning
without performing measurements of the adsorbed amount.
Importantly, the latter type of experiments requires just a
few hours and one single sample, while a direct measure-
ment of v involves preparing and processing several
polymer films, leading to experimental times easily exceed-
ing several weeks.
To understand how many molecules get adsorbed per

unit surface and unit time, we make one simple hypothesis:
the SAP acts as internal clock of the material, and each
time this process relaxes, a constant number of molecules
gets adsorbed. Here, we are assuming that the number of
monomers involved in the conformational transition and
required to adsorb is temperature independent, which is
in line with the Arrhenius character of the process. The
hypothesis also anticipates that the length scale over which
molecules get rearranged does not (significantly) depend
on the chemical nature of the system, meaning that the SAP
is a very localized process. To achieve a quantitative
picture, we consider that, for a chain of polymerization
index N, the probability [14,17] that a monomer is present
at the interface for a flat substrate is proportional to ρN−1=2,
where ρ is the bulk density. A straightforward way to
determine the number of chains adsorbed per unit space in
experiments is given by measurements of hads, an opera-
tional parameter proportional to the mass of all the
monomers present in the adsorbed layer, meaning both
those in direct contact with the substrate (∼N−1=2) and
those indirectly adsorbed (∼N). This implies that the
apparent adsorption rate grows as N1=2, as verified by
experiments [17]. Our reasoning provides a quantitative
expression of the adsorption rate

vðρ; N; TÞ ¼ ϒρN
1
2fSAPðTÞ; ð2Þ

where ϒ is a constant expressed in units of length over
mass density. In the metric of Eq. (2), logðϒÞ expresses the
orders of magnitude separating the rate at which adsorbed
layers grow (≈10−3–10−5 nm=s, in the temperature range
of the experiments) and that at which the SAP relaxes
(≈1–100 Hz). If our hypothesis is valid,ϒ should not depend
on the chemical structure of the polymer or the temperature
of the experiment. To assess the strength of this assumption,
we verified that for different commonly employed polymers
(see Fig. 2), the ratio v0=ðρN1=2f0Þð¼ ϒÞ is constant; here
f0 is the preexponential factor of fSAPðTÞ. The lack of T
dependence of ϒ is further assessed in the Supplemental
Material, see Fig. S4 [13]. We stress that, because evalu-
ating the product ρN1=2fSAP does not require adsorption
experiments, knowing the value of v for one single
polymer at one single temperature would be sufficient to
determine the adsorption rate of other polymers at different
temperatures.
To show the strength of our approach we plug in the

mean value of ϒ from the dataset in Fig. 2 in Eq. (2) and
compare, see Fig. 3, its predictions (lines) with the
experimental values (full points) of polymers for which
we could obtain fSAP from dielectric data. The same value
of ϒ was also used to predict the adsorption rates used to
reproduce the kinetics in Fig. 1(a). The agreement between
our prediction and the experimental results is impressive.
For nine systems, we recover the experimental trend within
1 standard deviation by using the same value of ϒ. We
stress that these polymers have significantly different
affinity with the substrate. The binding energy between
silicon oxide and PMMA segments is 4 times greater than
with PS segments (≈1kBT) [39], which implies that
interfacial chemistry does not play a significant role in
the formation of adsorbed layers. We also note that,
although we can still catch the correct activation barrier,

FIG. 2. Value of the parameter ϒ for the investigated polymers,
see Supplemental Material for the full names [13]. The black
horizontal line and the shaded area, respectively, indicate the
mean value and the standard deviation of ϒ, obtained by
averaging 57 individual measurements performed for all systems,
excluding PTBuA and PMMA, in a temperature range of 165 K.
Please note that, although P2ClS was not considered in this
statistics, we could predict its adsorption rate based on this
dataset.
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for PTBuA [see Fig. 3(b)], Eq. (2) underestimates v0 by
more than a factor 10. This trend indicates that while the
SAP is still the molecular process driving the formation of
the adsorbed layer, the density of contacts made by this
polymer with the substrate must be significantly different
than for other systems, invalidating the approximations
used to derive Eq. (2). Nevertheless, by using the value ofϒ
found in Fig. 2 as a reference, one achieves precious
information on the formation of interfaces also in this
system: with respect to the other polymers, a smaller
number of contacts is sufficient to incorporate chains of
PTBuA in the adsorbed layer, which consequently grows
faster than expected.
Importantly, our approach allows estimating the value of

the adsorption rate also when dielectric measurements are
not available. A recent work [38] has, in fact, highlighted a
linear relation between lnðf0Þ and ESAP, a trend due to an
entropy-enthalpy compensation behavior (see Fig. S5 [13])
observed in a large number of different systems [40]. Such
a property enables one to obtain fSAPðTÞ by simply
knowing its thermal activation barrier, e.g., through

equilibration experiments [33,37]. To illustrate the potential
of this method, we added to Fig. 3 the values of adsorption
rate predicted employing values of ESAP obtained via
measurements of physical aging [33,41] and dewetting
[36,42], i.e., equilibration mechanisms mediated by the
SAP. While using dielectric data can reproduce more
accurately the experimental values of the adsorption rate,
the predictions achieved by using other equilibration path-
ways are, nevertheless, very accurate. Finally, we stress that
as ESAP and, hence, τSAP are not particularly affected by
confinement [43,44], it is bulk dynamics to determine how
fast molecules rearrange to form interfacial layers. These
ideas support models considering that nanoconfinement
effects originate in the properties of bulk alone [45].
In conclusion, we present a simple model capable of

predicting the rate at which polymer chains adsorb on flat
substrates. We tested this framework on various commonly
used polymers and found that the formation of adsorbed
layers is minimally affected, if at all, by surface chemistry.
Moreover, our approach goes well beyond the qualitative
arguments connecting equilibration kinetics and molecular
mobility, and identifies the exact proportionality between
the rate at which an interfacial layer forms and that at
which molecules spontaneously fluctuate. We show that the
number of chains adsorbed per unit surface is constant if the
timescale of the phenomenon is rescaled to the molecular
time of the SAP, a relaxation mechanism observed in
polymers and small molecules. We stress that this obser-
vation is at odds with the common assumption that
equilibration phenomena of polymer melts typically fol-
lows the structural (segmental, α-) relaxation. New models
and simulations aiming at predicting the properties of
interfacial polymer layers should consider these experi-
mental findings. Finally, we anticipate that our approach
can be extended to other phenomena, including physical
aging, permeability, and other transport mechanisms, and
we are confident that the solving strategy introduced in this
Letter will open the way to new approaches to understand
how dynamics affects materials’ behavior.
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