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ABSTRACT: Confined at the nanoscale level, polymers
crystallize much slower than in bulk, and in some cases, the
formation of ordered structure is inhibited within extremely
long experimental time scales. Here, we report on the
thickness dependence of the conversion rate of the amorphous
fraction of ultrathin films of poly(ethylene terephthalate)
during isothermal cold crystallization. We present a new
analytical method assessing the impact of irreversible chain
adsorption and permitting to disentangle finite size and
interfacial effects. From the ym range down to a few tens of
nm, we observed an increase in crystallization time scaling with
the inverse of the film thickness, which is a fingerprint of finite
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size effects. Films thinner than ~20 nm did not crystallize, even after prolonged annealing in the temperature range where the
crystallization rate reaches its maximum value. Noticing that this threshold corresponds to the total thickness of the layer
irreversibly adsorbed within our investigation time, we explain these findings considering that chain adsorption increases the
entropic barrier required for the formation of crystalline structures.

Polymers do not crystallize easily. Due to their complex
molecular architecture, in fact, organization in ordered
structures is permitted only in the case of stereoregular chains,
and the increase in molecular size further complicates the
complex mechanism of chain folding required to form polymer
crystals. Like for smaller molecules," crystallization becomes
even more sluggish when the chains are confined at the
nanoscale level,” where different morphologies are observed,?
the overall crystallization rate is reduced by several orders of
magnitude,4_6 and, in some cases, crystallization does not occur
within the experimental time scale.” Focusing on ordering, the
slowing-down in the kinetics is commonly related to both the
finite value of the nuclei density and to the reduced mass
transport in proximity of an interface. The origin of the latter
phenomenon is still unclear. Some authors attributed it to
slower interfacial segmental dynamics,”® some others attributed
it to less efficient diffusion of material toward the crystallization
front in films thinner than the lamellar thickness. The particular
geometry used in the experiments does not permit a
straightforward discrimination between the two hypotheses.
Thin polymer layers are, in fact, spincoated onto a solid
substrate, and the presence of the free surface (in contact with
air or vacuum) perturbs the structural dynamics,” introducing
an asymmetric, not well-defined, profile of mobility.

To overcome this issue, in this study we focused on films of
poly(ethylene terephthalate), PET, a system widely investigated
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in bul and, upon confinement, with symmetric
boundary conditions provided by identical polymer—metal
(aluminum) interfaces. Though metallization of the upper
surface did not allow investigation by surface methods such as
optical and scanning probe microscopies, measurement of the
current flow generated upon application of an AC electric field
perpendicular to the surface of the films permitted us to study
the crystallization kinetics via dielectric spectroscopy. Based on
our observation, we explain the slower crystallization rate in the
thinner films in terms of an entropic barrier related to chain
adsorption.

Following our previous work,'™'® we exploited the
correlation between the dielectric strength, Ag, that is, the
dielectric dispersion correlated to the structural process, and
the density number of relaxation units participating to the
structural process. In isothermal conditions, in fact, Ae
corresponds to the contribution to the dielectric constant
given by the orientational polarization and is proportional to
the number of dipole moments able to fluctuate on the time
scale of the relaxation time, 7. Owing to such a direct link, we
could monitor the cold crystallization kinetics (that is,
crystallization of an amorphous sample above and in the
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vicinity of its glass transition temperature) in ultrathin organic
films down to a few tens of nanometers via the gradual
immobilization of the amorphous fraction, resulting in a
detectable drop in Ae. Furthermore, we demonstrated that this
approach permits the following of the formation of irreversibly
adsorbed layers'®*® and the estimation of the gradient of
mobility introduced by interfacial interactions.*"**

Ultrathin films were prepared by spincoating solutions of
PET in a mixture (5:2) of triflouroacetic acid and chloroform.
Metallization of the upper and lower surface of the organic
layer (aluminum 99%, pressure <10~® mbar, evaporation rate
>10 nm s~ !, thickness ~50 nm; contact with air, before
spincoating, favors the formation of a layer of 2—3 nm of oxide
on top of the metal, which enhances the affinity with PET,
yielding an interfacial energy16 of 3.0 mJ'm™?) permitted the
preparation of nanocapacitors (area = 4 mm?) for dielectric
relaxation experiments. Previous work™ verified that in this
geometry both the segmental mobility profile (7) and the
gradient in orientational polarization (A¢) are symmetric with
respect to the center of the film.

In the thickness range considered (10 nm to 10 ym), the
crystallization rate varies by more than S orders of magnitude.
To investigate all the samples at the same crystallization
temperature, experiments were performed at 373 K, where the
characteristic crystallization time, £, is ~7 min in bulk
samples. At the chosen temperature, the structural relaxation
process of PET appears as a strong peak in £”(f), the imaginary
component of the dielectric function, centered around 10 kHz
(for bulk, that is, 7 ~ 16 us). The intensity of the structural
peak (Ag) decreased during isothermal annealing, implying
chain immobilization, see Figure 1.
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Figure 1. Time evolution of the dielectric strength of films of PET of
different thicknesses, capped between aluminum layers.

A straightforward analysis of this reduction allowed us to
disentangle crystallization and adsorption events. Both types of
kinetics can be described by exponential functions of the type
Ae(t) ~ 1 — exp(—t/t,,)’, where the exponent § provides
information on the dimensionality and/or cooperative nature of
the kinetics. In the case of adsorption, S assumes values
between 0 and 1 (stretched exponential), while /3 is larger than
unity (<4, compressed exponential) for crystallization kinetics
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following the Avrami equation. Interfacial rearrangements
increasing the monomer/surface density without affecting the
thickness of the adsorbed layer yield a further drop in Ag,
scaling logarithmically with the annealing time.** Consequently,
focusing on primary crystallization and adsorption, we analyzed
the overall time evolution of the dielectric strength as

Ae(t)
Ae(ty)

=1-TI[1- exp(t/tcry)ﬁ] — & log(t/t,) W
1

where I' indicates the final drop in dielectric strength
(proportionally to the crystalline content of the sample), § is
a parameter proportional to the fraction of chains immobilized
upon adsorption, and f; is a conveniently short time that we
fixed for all samples at 1 s. Furthermore, we determined the
induction time, ty, related to the onset of the larger reduction
in dielectric strength. The results of our analysis are plotted in
Figure 2.  dropped continuously down to a couple of tens of
nanometers, from ~3 (um range) to 1.5 (~20 nm).
Consequently, the reduction of Ae was mainly due to
crystallization.
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Figure 2. Thickness dependence of the fitting parameters of
crystallization time (a), Avrami exponent (b), and adsorption
coefficient (c), as obtained from the fit of the time evolution of the
dielectric strength via eq 1. The values of the structural relaxation time
of amorphous films at 373 K were also plotted (d). In (a), the red area
indicates the values of crystallization time, as obtained via eq 2, where
£ was varied between 1 and 0.5; the blue line refers to the expected
increase in f, due to finite size effects. In (d), data from ref 12 were
added for comparison (semi-open symbols). The shadow area below
20 nm indicates the thickness range where crystallization was not
observed.
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Similar smooth changes were observed for t., and ty (see
Supporting Information); on the contrary, § showed an abrupt
reduction around 130 nm. In particular, while for thicker films
the dielectric strength remained unaffected by annealing at ¢ <
ty, below this thickness range we observed a progressive
increase in IdAe/d log(t)l at t < ty, that is, in §. In our previous
work, we assigned the value of this quantity to rearrangements
in the adsorbed layer, aiming at maximizing the enthalpic gain
upon adsorption.”” This observation is in line with literature
showing that crystallization can take place in previously
adsorbed layers.”* We can consider the largest thickness
where 6 > 0 as an upper limit for the impact of interfacial
interactions. Remarkably, this value is in excellent agreement
with the length scale estimated analyzing the thickness
dependence of the structural relaxation of PET,*> ~120—150
nm (=2 X 68 + 7 nm).

As anticipated, in proximity of this thickness we did not see
any perturbation in the conversion of the amorphous fraction.
However, in line with the trends in supported films, also in case
of capped films, we observed that the crystallization kinetics
tremendously slowed down upon confinement. In particular,
here we found that the values ty and f,, increased with the
inverse of the film thickness. Considering that the surface of the
samples was kept constant, those trends reveal a strong
dependence of the crystallization kinetics on the volume. A
similar result was observed in nanodroplets of poly(ethylene
oxide), PEO,>*® and corresponds to a nucleation-limited
slowing down in the crystallization kinetics. Assuming a
constant nuclei density, reduction of the thickness yields, in
fact, a lower probability to find active nuclei that could start the
phase transition. Such hypothesis, further supported by a
similar continuous and unperturbed reduction of f, is in line
with the prediction of the finite-size corrections proposed to
the Avrami model.?’ In the case of a finite volume, in fact, the
presence of interfaces does not permit a full development of the
crystals as in bulk and contribution of trunked crystals and lost
nuclei (belonging to region outside the volume considered)
results in a lower effective transformation rate and smaller
values of .28

For films thinner than h* ~ 20—25 nm, we could not detect
any substantial reduction in dielectric strength imputable to
crystallization. This observation implies that, in this thickness
regime, the crystallization rate decreased by more than 3 orders
of magnitude or that crystallization was definitely inhibited. The
same results were reproduced in experiments at higher
temperatures where the crystallization kinetics is intrinsically
sped up by the larger diffusion coefficients and in repeated
temperature scans up to T, + 20 K where T, is the bulk
melting point, see Supporting Information. It is noteworthy
mentioning that, regardless of the type of polymer/substrate
interactions, the presence of an interface can only reduce the
value of T,.*° Further measurements via X-ray reflectivity
confirmed that a 15 nm thick film of PET capped between Al
layers does not crystallize after an annealing of 24 h at 453 K,
which is the temperature showing a maximum in crystal growth
rate in bulk (~75 nm/s).*

The observations collected so far are in clear disagreement
with conjectures on the impact of interfacial segmental mobility
on the crystallization kinetics. Previous work speculated that
the increase in £, should be related to a smaller growth rate
due to the slower interfacial dynamics, that is, larger values of
7.>7%3! Our approach permitted to finally clarify this point.
The correlation between t_, and 7 originates from the Stoke—
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Einstein relation,'®** providing a link between rotational and

translation modes. In particular, assuming that all the changes
in the crystallization time are related to a perturbation in the
structural dynamics, we can write

() _ WORN
T(ho) tcry(hO) ()

where h, is a reference thickness, A(h) is a term introduced to
take into account of nucleation effects, and & is the fractional
Stokes—Einstein coefficient, assuming values typically between
1.0 and 0.5. To check the validity of this scaling, we considered
the thickness dependence of the structural relaxation time at t,,
that is, in the amorphous state; 7 remained constant down to h*
and finally increased in the thinner films, in line with previous
investigation of PET,'” see Figure 2d. We started by
considering the case that the change in crystallization rate are
totally imputable to slower interfacial relaxation, that is, A(h)
=1

This condition implies a thickness independent crystalliza-
tion time down to h*. Already at this thickness, ., exceeds by
more than 2 orders of magnitude the values measured in the
um range, which finally disproves the hypothesis that the
reduction in crystallization kinetics are merely due to slower
structural relaxation. We have then included the impact of
nucleation, mimicking the effects observed for h > h*, that is,
A(h) ~ h™. Under this condition, at thicknesses where we have
not measured any crystallization event, f,, would instead
assume values detectable by our experimental approach.
Consequently, we verified that the combination of finite size
effects on nucleation and the longer relaxation times in
proximity of the metallic interfaces cannot justify the
tremendous drop in crystallization rate for h < h*.

We considered two other possible contributions. In
supported films, a severe reduction of crystal growth rate was
experimentally observed for i-PS when the thickness of the
sample was reduced below the lamellar size, Ic; such a trend
was later confirmed by simulations of polymer melts.**** In
these conditions, thickening of lamellar crystals is highly
hindered by the lack of material and the longer paths needed to
transport new chain to the growth front. Given the symmetry of
our sample, we can expect a similar transition at thicknesses
exceeding L* = 2l + [, where [, is the thickness of the
amorphous layer in between lamellae. In fact, the concurrent
formation of a lamella at each polymer/metal interface retards
crystal growth due to the hindrance exerted by the amorphous
layer in between the two ordered structures. For samples of
PET of the same source used in this work, at 373 K, - = 2.9 nm
and I, = 3.9 nm,*® providing a lower limit of 10 nm (<h*),
which is compatible with the experimental threshold value.

Alternatively, we took into account the impact of the
formation of an irreversible adsorbed layer’®”” (Guiselin
brush®®) on crystallization. As noticed by the nonzero values
assumed by 6 below 130 nm, thermal annealing in the liquid
state (T > Tg) promotes the adsorption of PET onto Al
Following our previous work on polystyrene,'**° we monitored
the irreversible adsorption kinetics of PET, verifying the
equivalence between the time dependence of the thickening of
the Guiselin brush and the drop in dielectric strength during
isothermal experiments (see Figure 3 and Supporting
Information). We isolated the irreversibly adsorbed layer
from 40 nm thick films held at 373 K for different annealing
times. For this thickness, at the chosen annealing temperature,

A(h)
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Figure 3. Time evolution of the component of the dielectric strength
with higher decaying rate, Aeyy, (red circles, left axis), and the
thickness of the irreversibly adsorbed layer, h,q4, obtained in the same
annealing conditions (blue hexagons, right axis) at 363 K. Value of h,4,
collected under the isothermal crystallization conditions, 373 K, are
shown for comparison (black diamonds, right axis).

ty = 10k and f,, = 42h. After already 10 min the thickness of
the adsorbed layer reached a constant value, implying that
adsorption takes place already before the onset of crystal-
lization, in line with the trends in Figure 1.

To analyze more carefully the adsorption kinetics we
performed further experiments at 363 K, where crystallization
did not take place during the whole measurement time (~96 h)
and the adsorption kinetics is slower. The results show the
same trend observed in other polymers, that is a fast growth
saturating at long annealing times. The thickness h; reached
after 4 days was comparable to the values found at 373 K after
~10 min. We could fit the data at 363 K with an exponential
curve of the type h,q,(t) = h(0) + h{1 — exp(—t/t,4;)], where h¢
= 10.0 + 1.2 nm, t,4, ~ 10° s, and built up the dimensionless
parameter t¥ = tyy/fge @ useful probe of confinement
effects."”*® The trends at the two different annealing
temperatures confirmed that during our crystallization experi-
ments, the onset of crystallization, corresponded to t* > 1, that
is, t,q, < typ for all the thicknesses investigated. Previous work
revealed that, when this condition is reached, the deviations
from bulk behavior do not depend sensitively on the annealing
time, that is, a new well-defined steady state is achieved.
Moreover, in this regime, due to a potential barrier exerted by
chains that have already been pinned onto the substrate,
adsorption of new chains is accompanied by a severe entropic
penalty.®**® Due to the lesser available space, the number of
possible conformations permitting adsorption at this stage is
strongly limited. We expect that at t* >> 1, the crystallization of
chains in the irreversibly adsorbed layer is highly hindered.
Although ordering yields a remarkable gain in enthalpy, the
formation of crystals requires an initial entropic loss*' that
cannot be outweighted by the adsorbed chains. The restriction
in conformational degrees of freedom due to chain pinning, in
fact, leads to an increase in the entropic barrier of stem
formation, see Figure 4. For those systems where crystallization
starts after reaching the regime t* > 1 (e.g, for low M,
polymers), we expect a severe reduction in the overall
crystallization rate of ultrathin films, in correspondence of the
thickness of the irreversibly adsorbed layer reached during the
experiment, ~h;. We noticed that the h* =~ 2k (in our
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degree of order

Figure 4. Sketch of the changes in free energy as a function of the
degree of order for a semicrystalline polymer in proximity of an
adsorbing interface. Far from the interface (red curve), a reduction of
free energy (F) requires overcoming an activation barrier related to the
formation of stems. Following Ostwald’s rule of stages, interfacial
chains prefer to get adsorbed onto the substrate, passing through the
metastable state with smallest difference in F. However, upon
adsorption, the reduction in free energy increases the depth of the
energy barrier to overcome before crystallization.

geometry two adsorbing interfaces are present), which validates
our hypothesis.

In this framework, the formation of an irreversibly adsorbed
layer in semicrystalline polymers can be treated via the Ostwald
rule of stages,42 see Figure 4, via a series of transformations
through metastable states with close free energies. Irreversible
chain adsorption does not, however, ensure thermodynamic
equilibrium.” The conformations adopted by chains in the
early stages of adsorption, in fact, differ from those assumed at
t* > 1, and the energy landscape of interfacial chains is often
bimodal also after prolonged annealing.** If the macro-
molecular architecture permits crystallization, annealing above
T, provides sufficient mobility to start crystallization. Chains far
from the interfaces can form ordered structures via an outset
entropic loss required for the formation of stems, which then
migrate toward the crystal growth front. On the contrary,
interfacial chains start to reduce their free energy via
adsorption. Larger adsorption degrees, that is, larger enthalpy
gain per surface unit, however, yield to an increase in the barrier
to overcome before accessing the nearest available state of
reduced free energy; the system gets thus trapped in a
metastable noncrystalline state with an extremely long lifetime.
Consequently, chains in the Guiselin brushes are expected to
have tremendously low growth rates, corresponding to the lack
of crystallization within reasonable time scales, in line with our
experimental observation. These observations are valid in the
case of capped films, a confinement geometry that is a reliable
benchmark for nanocomposites,* where the only source for
enhancement in segmental mobility is the excess in interfacial
free volume, arising from packing frustration.**™**

In conclusion, we demonstrated that an analysis of the time
dependence of the dielectric strength permits a quantitative
analysis of the interplay between crystallization and irreversible
chain adsorption in ultrathin polymer films. We verified that, in
these systems, the slowing down in the crystallization kinetics

dx.doi.org/10.1021/mz300641x | ACS Macro Lett. 2013, 2, 168—172



ACS Macro Letters

cannot be rationalized by a mere reduction in segmental
mobility (increase in T,), but it is governed by the finite nuclei
density. For samples thinner than twice the thickness of the
layer irreversibly adsorbed onto the metallic surface, crystal-
lization did not take place within the experimental time, that is,
crystallization was severely inhibited or the growth rate
dropped by more than 3 orders of magnitude for samples
thinner than twice the thickness of the layer irreversibly
adsorbed onto the metallic surface. We explain these findings
considering that chain adsorption lowers the probability for the
occurrence of the segment fluctuations required for the
formation of crystalline structures.
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Supplementary experimental methods. Thickness dependence
of the nucleation time, ty, of the largest drop in dielectric
strength G and of the cold crystallization temperature. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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