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Abstract

The cold crystallization kinetics of ultrathin films of poly(3-hydroxybutyrate)
(PHB) have been investigated by dielectric spectroscopy. Upon reduction of the
film thickness, a lowering of the Avrami exponent accompanied by an increase
of the crystallization time was observed. The experimental results are analysed
in terms of reduction of the total number of nuclei involved in the crystallization
process.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The tremendous changes in the molecular dynamics and in the material properties occurring
in confined geometry when the dimension of the samples is reduced to a few tens of
nanometres have been fascinating the scientific community for more than ten years [1]. Several
simulations [2-5] and experimental techniques [6-9] were applied to study the transition from
the supercooled liquid state to the glassy state, characterized by the glass transition temperature
(Ty), in nanometre-thick polymer layers with the specific aim to detect size-related deviations
from bulk behaviour. Though most of the work has proven the existence of strong confinement
effects on Ty, the partially contradictive observations have hampered the development of a
consistent physical picture of the effects in confinements so far.

More consistent results come from the experimental and theoretical studies of the
crystallization in ultrathin films [10-18]. A variety of different experimental approaches led to
results qualitatively of the same trend: in the case of strong interactions between the polymer
and the substrate on which the film was prepared, a huge reduction of the crystallization rate
is observed, i.e. an increase of the crystallization time and the cold crystallization temperature
(defined as the temperature at which the inverse of the crystallization time equals the heating
rate), and reduction of the linear crystals’ growth rate and the Avrami exponent.
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Recently, it was shown that dielectric spectroscopy, DS, can detect the changes in the
amorphous volume fraction during crystallization even for polymer samples with nanometre
dimensions [18]. In contrast to the other techniques previously employed to study the slowing-
down of the crystallization kinetics in ultrathin polymer films, DS can provide a detailed
analysis of the segmental mobility of the analysed samples. It was then demonstrated that an
increase of the crystallization time (by more than one order of magnitude) is not imputable to
a corresponding reduction of the segmental mobility on the time- and length scale of the glass
transition [18], i.e. the crystallization time can increase even if the dynamic glass transition
temperature of the sample remains constant.

A possible explanation for the reduction of the crystallization kinetics is the presence of
a region with a lower mobility in proximity to the substrate [18]. Such a region would play
a key role in the dynamics of the whole polymer film, when the dimension of the sample is
comparable with the length scale of the interfacial interaction. For these samples a pronounced
slow-down of the crystallization kinetics is expected.

Another cause for changes in the kinetics is the reduction of the number of active nuclei
taking part in the conversion of the amorphous phase into crystals. Due to a finite value of
the nucleus density, the probability n (k) to find a nucleus in a thin layer decreases with the
reduction of the thickness and tends to zero for the thinnest films. This last explanation is
supported by several theoretical models [20-22] and fits the experimental results obtained in
this work.

In this paper we argue that dielectric spectroscopy can be applied to extract kinetic
parameters of the cold crystallization of ultrathin polymer films. Combining this information
with the analysis of changes in the dielectric spectra at the reduction of the thickness [18], it
is possible to add new details to the comprehension of the origin of the tremendous deviations
from bulk behaviour in ultrathin polymer films.

2. Experimental details

Poly(3-hydroxyburate) in powder form from Sigma (M, = 170k) was melted for 5 min
15 K above the melting point (T.°5¢ = 443 K) between two brass circular electrodes. Bulk
amorphous samples were produced by quenching the molten layer between two cold plates
held at 268 K, below the glass transition temperature (TgDSC = 275 K). The final thickness of
the sample was given by the diameter of the glass fibres (& = 50 um) used to separate the
brass electrodes in order to avoid shorts.

Ultrathin films of PHB were prepared by spin-coating very dilute solutions (down to
0.2% w/w) of the polymer that was dissolved in chloroform and filtered by a Teflon membrane
filter (Millipore). Aluminium electrodes were evaporated in an ultra-high vacuum chamber on
cleaned glass slides and were used as substrate for the samples. Spin-coating was performed
at room temperature, thus well above T,. After an annealing procedure of 2 h at 318 K,
the samples were slowly cooled down to room temperature and a second aluminium layer,
providing the upper electrode, was evaporated onto the polymer surface.

During the two metal evaporations the temperature on the sample did not exceed room
temperature. Film thicknesses were evaluated from the electrical capacity C’ of the sample [23]
according to the relation i = ¢'¢gS/C’ (where ¢’ is the dielectric constant of a bulk sample,
&o is the permittivity of the vacuum and S the area of the region at the overlapping or
the two electrodes), valid in the approximation of parallel electrodes with ‘infinite’ lateral
dimensions.

Dielectric spectra were recorded (10 mHz—10 MHz) with a high resolution dielectric
analyser (ALPHA-A from Novocontrol Technologies) immediately after amorphization in
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Figure 1. Dielectric spectra of a 26 nm thick sample during an isothermal crystallization at 291 K.
The continuous lines are guides for the eye. In the inset, the time evolution of the dielectric constant
at 10 Hz for the analysed samples.

order to avoid nucleation processes due to storage of the sample above the glass transition
temperature.

Spectra of the bulk quenched samples were characterized by a relatively intense peak, «,
attributed to the structural relaxation, and a weaker peak, 8, due to the relaxation of the ester
group within the backbone [24], in the same temperature and frequency range as reported for
amorphous samples of this polymer [25].

The «-relaxation was not detected in the ultrathin samples obtained according to the
preparation procedure described above, indicating the semicrystalline nature of the films after
the annealing procedure. Amorphous samples were obtained by melting and rapidly quenching
the ultrathin layers following the procedure reported for bulk samples.

Spectra of the complex dielectric permittivity, £*(w) = &'(w) — ig’‘(w), were acquired
under a continuous nitrogen flow, in isothermal conditions, with a temperature stability better
than 0.1 °C. Isothermal crystallization kinetics were monitored in real time by choosing the
appropriate low frequency limit (1.2 Hz for bulk samples and 0.49 Hz for the thinnest film)
in order to ensure the validity of the condition fsg < IBSZ, where fgg is the time necessary to
record a single spectrum, and tlD/Sz is the mean time of the crystallization process assigned via
dielectric spectroscopy [18].

3. Results and discussion

3.1. Changes to the dielectric spectra during crystallization kinetics

Figure 1 shows the effect of isothermal crystallization at 291 K on the structural relaxation
of a 26 nm thick sample, in terms of the reduction of the intensity of the peak and drop in
the real part of the complex dielectric permittivity, in the inset. For PHB, it was proven that
the changes in the spectra during the conversion of the amorphous phase are insensitive to the
sample thickness, thus the following description is valid for both bulk and ultrathin films down
to 26 nm. The only difference is the timescale of the phenomena investigated [18].
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Within the first 3 h changes in the spectra are not discernable; this regime corresponds to
the induction time which nucleation processes take for the formation of ordered domains. It
was pointed out [19] that during this waiting time pre-ordering could take place and DS resulted
in a more sensitive tool compared to diffraction techniques, like SAXS and WAXS.

As already reported for other polymers [26-30], after the induction time the intensity of
the structural relaxation decreases due to a reduction of the density of mobile dipoles. During
the primary crystallization the chains rearrange in ordered structures; the crystalline regions of
the sample do not contribute any longer to the dielectric response, as the molecules involved
become immobile. This corresponds to a drop in the dielectric strength A¢, and consequently to
a reduction of ¢/ . In the final stages of the crystallization process a second peak, connected
with the relaxation of the amorphous fraction constrained within the growing lamellae, was
detected [18].

In contrast to other, less flexible polyesters like PET [27, 31] and PEN [28], the mean
relaxation time of the structural process appears to be insensitive to the crystalline content of
the sample. However, a similar trend was observed for another polymer system with flexible
chains, PLLA [32, 33]. Furthermore, it was observed that for PHB the relaxation time of the
structural process does not show a dependence on the thickness of the sample [18]. It is thus
possible to analyse the changes in the dielectric constant &'(¢) during the crystallization time
and relate them to the changes in amorphous volume fraction via a relation [34, 35] like

fO =0 _ o xew) )

VO =0 so0

where ¢, is the normalized dielectric constant, £'(0) and &’(co) are respectively the value of
the dielectric constant at the beginning and at the end of the process, Xc is the crystallinity as
determined by diffraction techniques and « is a constant (o < 1) taking into account reduction
of the dielectric signal not directly correlated to the decrease of the amorphous fraction. For
PHB and its copolymers with poly(3-hydroxyvalerate), PHV [24], « ~ 1 was reported. A
linear relationship between &, (¢) and X¢(¢) is a good approximation for a likely more complex
physical scenario. A semicrystalline material is a multiphase system, and thus higher-order
corrections should be taken into account to compensate interface and local field effects. These
deviations should be non-negligible in the case of non-flexible polymer chains sensing the
relaxation of both the constraint and the mobile amorphous phase. As for PHB a7, /07 is zero
within the experimental errors, during the crystallization time the portion of the chains giving
rise to the dielectric signal always relaxes in the same environment. Hence, equation (1) is
valid.

Figure 2 shows the values of ¢}, (T) at different thicknesses and temperatures. An increase
by more than one order of magnitude in t})/sz is observed when the thickness of the sample is
reduced to 26 nm. The result agrees with similar deviations from bulk behaviour observed by
different investigation techniques in other polymer systems [10, 14, 15]. Being the temperatures
investigated in the regime of cold crystallization, for this polymer both the temperature and the
reduction of the thickness act qualitatively in the same way: colder or thinner samples show a

higher crystallization time #)3.

3.2. Analysis of the isothermal crystallization kinetics

In order to analyse the isothermal crystallization kinetics a standard approach is given by the
Avrami equation [36]:

1 — ¢c = exp(—K1t") )
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Figure 2. Time evolution of the normalized dielectric constant at 10 Hz for the analysed samples.
The half crystallization time ’P/Sz is given by the mid-point of the step in the curve.

where ¢c is the crystalline volume fraction, K is a constant, given by the temperature
and the geometry of the sample, and n is the Avrami exponent; the value of this last
parameter is finally correlated to the dimensionality of the process. Combining equations (1)
and (2), modified Avrami equations can be used to analyse directly data obtained by dielectric
measurements [35, 37, 38]:

en(t) =1 —exp(—Kt") 3

t\?
eyt =1—exp|— <—) . 4)
Tery
By plotting the curves obtained via equation (3) in an Avrami plot, i.e. log[— In(1 —&x)] versus
log(?), see figure 3, it was possible to obtain the Avrami parameters n and K respectively
as the slope and the intercept on the y-axis of the obtained straight line. Equation (4) is a
Kohlrausch—Williams—Watts equation, where 7.y is the characteristic time of the process, and
B a constant. By comparing equation (3) and (4) we obtain 7,y = K U7 and B = n. Note
that for each series of data the value of 7., is systematically higher than the one of t}j/sz. In
fact, the latter corresponds to the condition &), (tlD/Sz) = 0.5 while the former corresponds to
ey (Tery) =1 — e~ ! = 0.63, and, &’y () being a monotonically growing function, the inequality
el (Tery) > 8§\,(t})/sz) is always verified.

A regular behaviour is observed for the changes of bulk Avrami coefficients: n = 3,
indicating spherulitic growth with a heterogeneous nucleation; log K scales with —1/T'; see
figure 4. Lower values of the Avrami coefficients (n — 2) were observed at the reduction of the
thickness, as already reported [16]. This last trend implies that, considering the heterogeneous
character of the process itself as being constant, the dimensionality of the crystallization process
reduces on decreasing the thickness of the specimen. The experimental results will be discussed
in the following paragraph together with several mechanisms proposed to explain the reduction
of the crystallization rate (increase of 7., or decrease of the linear growth rate) and of the
dimensionality (decrease of the Avrami exponent) in ultrathin polymer films.
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Figure 3. Avrami plot for the analysed samples. For clarity only the data relative to a normalized
dielectric constant between 0.2 and 0.9 are shown. The same symbols as in figure 2 have been used.
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Figure 4. Temperature dependence of the Avrami parameters for bulk samples.

3.3. Slowing-down of the crystallization kinetics in ultrathin polymer films
It was argued that the slowing-down of the crystallization kinetics can be imputed to a reduction
of molecular mobility due to an increase of the glass transition of the system [15], the presence
of a layer showing a reduced mobility at the polymer/substrate interface [17, 18] and finally the
reduction of the number of nuclei at a reduction of the thickness [20-22].
As it was shown that a reduction of the crystallization kinetics is also observed in samples
showing the same [18] or even a lower [16] glass transition temperature compared to the one

registered in bulk, the first mechanism described above seems inappropriate.
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Instead, the presence of a layer with a different mobility at the very interface is supported
by several experimental results obtained by different techniques [7, 17, 39]. A dynamic
Monte Carlo simulation [40] confirmed that the crystalline content decreases in the proximity
of an interacting interface (sticky walls) and that the crystallization is inhibited by a highly
interacting substrate. In contrast, weak interactions at the polymer/substrate interface (slippery
walls) revealed a moderate enhancement of the crystallization kinetics at higher temperatures.
Moreover, it was found that the degree of polymer—substrate interactions is the essential
parameter that governs the final geometry of the confined crystals. During an isothermal
crystallization, both for slippery and for sticky walls, the polymer chains can rearrange
themselves in lamellae, but in the case of sticky walls the molecules preferentially orientates
along the direction normal to the substrate surface, while in the presence of slippery walls the
crystals are orientated parallel to the surface of the substrate.

An intuitive explanation of the reduction of the value of n in ultrathin films could be the
effective reduction of the dimensionality of the crystal. Regardless of the actual interaction
with the substrate, in a confined geometry, spherulites cannot be formed due to both spatial and
dynamical confinement effects: spherical aggregates in fact do not fit the reduced dimensions of
ultrathin films and likewise changes in the diffusion of material on the nanometre scale inhibit
the crystals’ growth.

Anyway, another mechanism could be responsible for the reduction of the Avrami
parameter, a reduction not imputable to an effective lower dimensionality of the crystals’
growth but to the reduced number of nuclei taking part in the conversion of the amorphous
phase.

In fact, several models [20-22] proposed corrections to the Avrami law, as this last is only
strictly valid for the case of an infinite sample where crystallization can propagate o and from
any position of the three-dimensional space. Considering a reduced volume [22], an ensemble
of crystals will have nucleated outside the section of the considered space and thus should not be
taken into account in the final dynamics. Moreover, an ensemble of the remaining crystals will
have its own volume partially exceeding the considering space. As the two described ensembles
do not contribute to the final dynamics, the crystallization rate in a reduced space ends up being
always lower than that in bulk. In particular, Schultz [22] quantified the deviation from the
bulk behaviour in a thin film geometry in terms of the thickness of the sample, %, and the linear
growth factor of the crystal, G. The Avrami law gives results analysable according to the classic
crystallization theory only in the case of an infinite value of the ratio #/G. For polymers, the
values of G typically being of the order of 0.1-10 ;um s~', deviations from the bulk Avrami
coefficient, n(00), can be observed already for films hundreds of nanometres thick [16].

Experimentally, it is not possible to access the linear growth rate values of the samples
investigated directly via dielectric spectroscopy. Even via imaging techniques, due to
geometrical restrictions (the polymer film is capped between metallic layers) it would definitely
not be possible to get an absolute value for the growth rate of the single crystals. A second
complication is given by the fact that G is not constant in ultrathin films: the growth rate, in
fact, shows a non-monotonic decrease [14] on reducing the polymer thickness and it is thus not
possible to extrapolate the bulk values of the investigated polymer. For relative variations of the
thickness similar to or larger than the connected relative variation of the crystal’s growth factor
(dInG < dlInh), the ratio 4/ G decreases upon reduction of the thickness. This condition
is generally verified below 100 nm: thus the reduction of the film thickness corresponds to
lower values of 1/ G, a lower value of n(h) and consequently a larger deviation from the bulk
behaviour (h/G — 00).

The experimental results of this work qualitatively comply with the model of Schultz: by
reducing the thickness a deviation from the bulk behaviour is observed that manifests itself by
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Figure 5. Correlation between reduction of the Avrami exponent and increase of the crystallization
time, at a reduction of the sample thickness. Note that the values of 7.y are systematically higher
than tlDSz, due to the different calculation procedures, see section 3.2. The straight line is a guide for
the eyes to follow the crystallization at 291 K. The oval highlights the bulk data.

an increase of the crystallization time together with a reduction of the corresponding Avrami
exponent, see figure 5.

By comparing the effect of thickness reduction with the influence of temperature, see
figure 5, we can conclude that the condition corresponding to a reduction of 1 (%), i.e. increase
of 7y coupled to a reduction of n, is not achieved by a simple reduction of the temperature.

4. Conclusions

A dielectric investigation of cold crystallization in ultrathin polymer films revealed an increase
of the crystallization time together with a reduction of the apparent dimensionality of the
process, expressed by a reduction of the Avrami exponent. The results have been rationalized
considering different possible mechanisms leading to the dramatic changes observed in
ultrathin samples. A possible explanation is the effective reduced dimensionality of the
crystals’ growth; the confinement in the thickness dimension imposes a 2D reorganization of
the polymer chains.

The experimental results qualitatively suggest also that the reduction of number of active
nuclei in a reduced volume could be a cause of the slowing-down of crystallization Kinetics in
ultrathin polymer films.
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