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ABSTRACT: An investigation was carried out of the molecular dynamics of poly(L-lactic acid) before,
during, and after crystallization. Experimental results were generated over a wide range of temperature
and frequency by broad-band dielectric relaxation spectroscopy (DRS). An interesting finding is that the
average relaxation time (defined as 7 = Yomtfmax, Where fmax is the frequency at maximum loss for the a
process) does not vary with degree of crystallinity during melt and/or cold crystallization. Moreover, the
temperature dependence of the average relaxation time for wholly amorphous and crystallized samples
is well-described by a single Vogel—Fulcher—Tammann (VFT) functional form. The unchanged fragility
suggests that the segmental dynamics are not sensitive to the different degree of crystallinity, implying
that the relaxing segments are smaller than the thickness of the amorphous layers between lamellae.
Apparently, the distance between lamellae is greater than the length of the primitive segment and the
characteristic size of the cooperatively rearranging domain; the length scale of the a process is thence

put at less than 4 nm.

Introduction

The effect that the crystalline phase exerts on the o
dynamics in the amorphous phase during crystallization
of polymers and low molecular weight materials is an
interesting, fundamentally important, and incompletely
understood problem. The work presented herein ad-
dresses this problem experimentally by utilizing broad-
band dielectric relaxation spectroscopy (DRS) over a
wide range of frequency and temperature to monitor
dynamics during the melt and cold crystallization of
poly(L-lactic acid) (PLA). To the best of our knowledge,
this study marks the first time that high-frequency (up
to 1.8 GHz) data of this kind have been generated and
reported in the literature.

As a start, it is useful to ask how (and if) the
segmental o process in a wholly amorphous but crys-
tallizable polymer is altered once the crystals begin to
form? This has been studied experimentally over a
limited range of frequency and temperature by directly
comparing the dielectric spectra of crystalline and
wholly amorphous samples (in cases where a crystalline
polymer could be rendered wholly amorphous) and/or
by continuously monitoring the dielectric response dur-
ing crystallization. The following general observations
were made:'™> (1) the relaxation strength of the o
process decreases with increasing crystallinity and
decreasing temperature, and (2) the breadth of the a
process increases with increasing crystallinity. On the
basis of those findings, two-phase and three-phase
conceptual models have been put forward to explain the
experimental results.? The former assume that the
motions of polymer segments are frozen on the crystal
surface whereas the latter allow for the existence of an
amorphous interphase. Experimental evidence from
dielectric measurements of crystalline polymers favors
a two-phase model because only one relaxation associ-
ated with the amorphous phase has been seen, although
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a broadening of the relaxation spectrum is often invoked
as the reason for the inability to resolve two processes.
In a seminal DRS study, Tidy and Williams® reported
that during isothermal crystallization of PET the “nor-
mal” amorphous phase disappears and a broader and
slower “abnormal” relaxation appears in the amorphous
phase. Relaxation slows down, and the distribution of
relaxation times broadens as a result of the increasing
variety of local environments seen by the molecules.
Eventually, the initial o process disappears, and the
new (slower) process becomes dominant. The origin of
this new process was attributed to the relaxations
within disordered regions that are restricted by the
emerging ordered regions. Another scenario is based on
the presence of a rigid amorphous phase.”8 This concept
was put forward to account for the portion of the
amorphous phase that remains rigid above T4 and was
later exploited by Huo and Cebe to describe their
dielectric results for PEEK® and PPS.1°

Interestingly, however, the effect of crystallinity on
the average relaxation time, 7 (defined as t = Y,afmax,
where fnax is the frequency at maximum loss), for the a
process is found to be more complex, and the experi-
mental results are seen to depend on the type of polymer
investigated. In polymers with a high T, and a rigid
backbone, such as PET,® PEEK,® and PPS,° the pres-
ence of crystals causes the relaxation time to increase.
But in several flexible-chain homopolymers (PVDF!
and PLA (this work)), homopolymer blends (PVDF/
PMMAZ2) and blends containing block copolymers (PBT/
PC13), the relaxation time was found to either remain
unaffected or even decrease. How one can account for
these different trends in 7 is of interest.

The principal objectives of this study are (1) to
investigate the effect of cold and melt crystallization on
molecular (dipole) dynamics in PLA by DRS over a wide
range of frequency (up to 12 decades) and temperature
and (2) to elucidate the effect that the crystalline phase
exerts on the a process before, during, and after crystal-
lization by (a) comparing the dielectric response in
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Figure 1. DSC thermograms of PLA (at 10 °C/min): A,
heating following quenching into liquid nitrogen; B, cooling
from the melt; C, heating following annealing at 150 °C for 2
h.

wholly amorphous and crystallized samples and (b)
monitoring the dielectric response in-situ during melt
and cold crystallization.

Experimental Section

The sample studied in this work, poly(L-lactic acid) (PLA),
was synthesized at Polytechnic in the laboratory of Professor
Richard Gross (M, = 34 100 g/mol; PI = 1.9). Our facility for
DRS combines commercial and custom-made instruments that
include (1) Novocontrol’s a high-resolution dielectric analyzer
(3 uHz—10 MHz), (2) Solartron 1260 impedance gain/phase
analyzer (10 uHz—32 MHz), (3) Hewlett-Packard 4284A preci-
sion LCR meter (20 Hz—1 MHz), (4) Hewlett-Packard 8752A
network analyzer (300 kHz—1.3 GHz), and (5) Hewlett-
Packard 4291B RF impedance analyzer (1 MHz—1.8 GHz). All
instruments are interfaced to computers and equipped with
heating/cooling capabilities, including a custom-modified No-
vocontrol’'s Novocool system. Further details regarding the
acquisition and evaluation of data are available elsewhere.**
Supporting evidence was obtained from DSC scans (TA
instrument’'s DSC model 2920 at 10 °C/min) and optical
microscopy (Nikon HFX-I1 optical microscope).

Results and Discussion

Two approaches are undertaken to investigate the
effect of crystallization on the molecular dynamics of
PLA by DRS. The first approach consists of comparing
the relaxation spectra of wholly amorphous and crystal-
lized samples. The second approach focuses on in-situ
monitoring of the dielectric response during isothermal
(cold and melt) crystallization. Before presenting the
DRS results, we briefly review the thermal behavior of
PLA as evaluated by DSC.

DSC thermograms for three different thermal histo-
ries are shown in Figure 1. Trace A was obtained on
heating a sample quenched from the melt into liquid
nitrogen (rendering the sample wholly amorphous). The
glass transition is observed at 57 °C, while cold crystal-
lization and melting occur at 102 and 175 °C, respec-
tively. Trace B was obtained on cooling from the melt.
The crystallization temperature is detected at 99 °C,
similar to that for cold crystallization. Crystallized
samples were prepared by cooling the melt at 10 °C/
min to 150 °C and annealing for 2 h at that temperature.
A DSC scan of the annealed sample is shown in trace
C. Neither glass transition nor crystallization exotherms
were observed (within the resolution of the instrument),
and hence the annealed sample was considered (fully)
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Figure 2. Dielectric loss in the frequency domain with

temperature as a parameter for wholly amorphous PLA.

crystallized at temperature below 150 °C. We are aware
of the arguments concerning continuing crystallization
and metastability of crystalline polymers,'® but there
were no changes in crystallinity in our sample with time
well beyond the time span of the experiment and it is
in that context that the label “crystallized” is used here.

We now present the dielectric results.’® The relax-
ation spectra for the wholly amorphous sample are
examined first. Since the permittivity and loss are
related by the Kramers—Kronig transform, only the loss
data are presented in the figures. Dielectric loss in the
frequency domain with temperature as a parameter for
wholly amorphous PLA is shown in Figure 2. The data
below 80 °C were obtained from the frequency sweeps
of a quenched sample prior to the onset of crystalliza-
tion. Data at high temperature were collected from the
melt, cooled to below the nominal T, but before the
onset of crystallization. Solid lines are the guides for
the eye. The gap in the data in Figure 2 (between
approximately 80 and 140 °C) represents the region
where crystallization cannot be neglected on the time
scale of dielectric experiments, and hence the sample
cannot be rendered wholly amorphous. The o process
is clearly seen between 70 and 80 °C. Below 70 °C,
however, the a process overlaps with conductivity, and
a physically meaningful deconvolution is not feasible.
A low-intensity § relaxation is observed below Ty (see
data at 30 and 55 °C). It should be pointed out that a
relaxation related to the normal mode (type A dipoles
are present in polylactones!”18) was not detected in this
sample. That may be due to two factors: (1) a high
conductivity at low frequency that masks the normal
mode and (2) a relatively high molecular weight that
increases considerably the relaxation time of the normal
mode. The o process is thermodielectrically complex,
and the loss peak becomes slightly narrower with
increasing temperature. Fits of data to the KWW
functional form were also made, and the KWW g
exponent was found to increase from 0.46 at 80 °C to
0.53 at 150 °C.

Dielectric loss in the frequency domain for a crystal-
lized sample is shown in Figure 3. The intensity of the
loss peak (associated with segmental motions in the
amorphous phase) and the dielectric relaxation strength
decrease with decreasing temperature. The a process
is thermodielectrically complex; the loss peak broadens
with decreasing temperature, and it is difficult to
measure below 90 °C due to its breadth and the dc
conductivity. Also, the relaxations associated with the
glass transition become highly suppressed on approach-
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Figure 3. Dielectric loss in the frequency domain with
temperature as a parameter for fully crystalline PLA.
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Figure 4. Average relaxation time as a function of reciprocal
temperature for wholly amorphous (open circle) and crystalline
(solid circle) PLA.

ing the Tg. This observation is in agreement with the
DSC data for the annealed sample (trace C, Figure 1)
that show no evidence of a Ty endotherm.

The temperature dependence of the relaxation time
for wholly amorphous and crystallized samples is ex-
amined next. In Figure 4 we plot the average relaxation
time (determined as t = Y7fna) as a function of
reciprocal temperature for wholly amorphous (open
circles) and crystallized (filled circles) samples. It is very
interesting to note that all data points fall on the same
curve, indicating that the temperature dependence of
the average relaxation time is not affected by the
presence of crystals. It is well-known that the a process
in glass-formers deviates from a thermally activated
Arrhenius functional form and that much stronger
temperature dependence is observed. Such behavior is
generally modeled by the Vogel—Fulcher—Tammann
(VFT) equation, represented by the solid line in Figure
4. An excellent fit was obtained. The VFT fit parameters
are 7o (attempt frequency) = 10* s, B = 1516 K, and
To (Vogel temperature) = 286.5 K. It is clear that the
relaxation time follows the VFT relation regardless of
the presence and/or absence of the crystalline phase.
This is actually unusual because the VFT functional
form is widely believed to hold only for amorphous
systems.

Since the molecular origin of a relaxation process is
generally related to its morphological milieu, it was
anticipated that much could be learned about relaxation
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Figure 5. Dielectric loss in the frequency domain at different
times during melt crystallization of PLA at 140 °C.
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Figure 6. Dielectric loss in the frequency domain at different
times during cold crystallization of PLA at 80 °C.

dynamics by monitoring the dielectric response during
the temporal evolution of crystalline morphology. This
goal was accomplished by conducting in-situ real-time
DRS measurements during melt and cold crystallization
of PLA. The results obtained from melt crystallization
are presented first. Figure 5 shows dielectric loss in the
frequency domain at different times during crystalliza-
tion at 140 °C (T, = 140 °C). To the best of our
knowledge, this marks the first time that high-fre-
guency measurements (1 MHz to 1.8 GHz) of the a
dynamics during crystallization were reported. We
emphasize that the spectra recorded in each sweep are
representative of an isostructure (constant degree of
crystallinity) at a given stage of crystallization, because
the time scale for a sweep is short (less than 40 s) in
comparison with the time scale for crystallization at T..
As shown in Figure 5, the intensity and the relaxation
strength of the o process drop dramatically during
crystallization (¢"" decreases from 0.52 prior to the onset
of crystallization to 0.12 at the end of crystallization).
Remarkably, however, the location of the peak (at ca.
0.1 GHz) remains virtually unchanged throughout
crystallization, indicating that the average relaxation
time (r = 1.6 ns) is independent of the degree of
crystallinity. A small shift toward low frequency is noted
after 300 h at T, but a physically meaningful quanti-
fication (spectral deconvolution) is difficult at such
advanced stage of crystallization. Similar results were
obtained for cold crystallization at 80 °C, as shown in
Figure 6, where we again see that the magnitude of the
loss peak and the relaxation strength decrease while
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Figure 7. Polarized optical micrographs obtained during melt crystallization of PLA at 140 °C: A, 5 min; B, 10 min; C, 14 min;

D, 21 min; E, 30 min; F, 60 min.

the frequency at maximum loss remains unchanged as
crystallization progresses. Spectra of both melt and cold
crystallized samples broaden during crystallization. The
low-frequency shoulder at the end of cold crystallization
may reflect the Maxwell—Wagner—Sillars or interfacial
polarization. Note that the values of r obtained from
Figure 5 (7 at 140 °C) and Figure 6 (r at 80 °C) fall on
the VFT fit of Figure 4, and hence the dynamics data
extracted from cold and melt crystallization are in
excellent agreement with the data obtained on wholly
amorphous and crystallized samples. We saw no need
to resort to two VFT functions (the Stickel plot) although
such a trend could not be ruled out a priori. To facilitate
the visualization of the development of crystals, we show
in Figures 7 and 8 a series of optical micrographs taken
at different times during melt and cold crystallization
at the conditions of Figures 5 and 6 (i.e., at 140 and 80

°C, respectively). Note that the resulting morphologies
are quite different and that larger and more perfect
spherulites are formed during melt crystallization. A
grainlike morphology is observed during cold crystal-
lization, probably due to a higher nucleation rate. No
further exploration of the morphological details vis-a-
vis the dynamics was made in this study. We also stress
that we were not principally concerned here with the
kinetics of crystallization, though it is obvious that the
data of Figures 5 and 6 are conducive to this type of
analysis. One such example can be found in the excel-
lent recent study of molecular dynamics and crystal-
lization Kinetics of chiral isooctyloxycyanobiphenyl by
DRS.1?

Although the principal goal of this study was of
experimental nature, a comment regarding the underly-
ing physics is in order. The molecular dynamics in
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Figure 8. Polarized optical micrographs obtained during cold crystallization of PLA at 80 °C: A, 3 min; B, 6 min; C, 9 min; D,

15 min; E, 25 min; F, 45 min.

crystalline polymer are complex, and the experimentally
observed differences in various polymers are a conse-
quence of their different molecular architecture. Broadly
speaking, the hindrance to o the dynamics imposed by
the crystalline phase cannot be neglected; it is reflected
in the reduction of the dielectric relaxation strength by
an amount larger than the mere depletion of the
amorphous portion during crystallization estimated
from the DSC data. But if the restricted mobility by
crystals were the only important factor, one would
arrive at a straightforward conclusion that the dynamics
in the amorphous phase must slow and that the average
relaxation time must increase as more crystals form.
That, however, is not always the case, as demonstrated
in this study by (1) the unchanged location of the
maximum at loss peak during melt and cold crystal-
lization and (2) the fact that the same VFT function can
describe wholly amorphous and crystallized samples.

There is another important factor that ought to be
considered in explaining our (and others’) findings,
namely the effect of confinement that crystalline lamel-
lae exert on the dynamics of the amorphous phase. The
effect of confinement on the o dynamics was addressed
in recent years in a number of studies of the dynamics
of (mostly) low molecular liquids in confined nanoporous
spaces of the order of 2.5—10 nm.2°=23 And although
some lingering controversy persists as regards the
direction of the shift in Ty of the confined liquid, several
investigators report evidence of a two-tier dynamics
associated with a layer near the surface and a bulklike
response away from the surface. The origin of the
“interfacial” relaxation, that exhibits slower dynamics,
is in the interactions of liquid molecules with the pore
surface. But what if these surface interactions are
eliminated? That was realized by Kremer and co-
workers,?2 who coated the pore surface with a hydro-
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phobic fluid and studied the o dynamics of salol
contained in pores ranging in size from 2.5 to 7.5 nm.
They reported that (1) the interfacial relaxation was
completely suppressed in coated pores, (2) with decreas-
ing temperature the relaxation rate in confined space
shifts to higher frequency compared to the bulk liquid,
and (3) the shift in the relaxation rate is more pro-
nounced in small pores. Kremer et al. offered an
explanation of their findings based on the classic
Adam—Gibbs?* concept of cooperativity of the a. dynam-
ics in glass formers characterized by dynamic distribu-
tion of domain sizes. In a dynamically heterogeneous
environment the suppression of relaxations by the
emerging confinement increases with increasing domain
size; the larger the domain, the stronger the effect on
relaxation. Consequently, segmental motions with longer
relaxation times will be preferentially suppressed, and
the relaxation spectrum of a confined system will differ
from that in the bulk. It is important to emphasize,
however, that the confinement effect does not necessar-
ily speed up the relaxation process (as a decrease in t
would suggest) but that the suppression of large-scale
motions (longer t) shifts the relaxation spectrum toward
higher frequency. Since the decrease in the mobility and
the suppression of slower relaxations have opposite
effects on the relaxation spectrum, it is the interplay
between these two phenomena that will determine
whether the average relaxation time will increase or
decrease. It should be also pointed out that the tem-
perature dependence of these two phenomena is differ-
ent. We believe that temperature affects suppression of
relaxations by confinement more than molecular mobil-
ity. This should be studied further by measurements
over a wide range of temperature that should include
the crossover from the melt to the crystalline state and
from the o process to the 3 process.

The experimentally observed constancy of the average
relaxation time during crystallization (Figures 5 and 6)
was intriguing, and an explanation was sought. Con-
sidering the effect of confinement, one possible scenario
would call for the decrease in the mobility and the
suppression of slower relaxations to balance each other,
though that is intuitively unappealing. A more likely
cause for the constancy of the average relaxation time
is that the critical size of the cooperatively rearranging
domain remains smaller than the distance between
crystalline lamellae, and hence the confinement effect
never sets in. Of course, that begs the question of the
characteristic length scale for cooperativity and how it
changes with the depletion of the amorphous phase
during crystallization? Schick and Donth asked that
question in their excellent study of the o dynamics in
crystalline poly(ethylene terephthalate).?> PET was
crystallized under different conditions in order to induce
morphology with a different thickness of the amorphous
phase between lamellae (and hence a different length
of the confined region). They reported an increase in the
volume fraction of crystals and the thickness of the
amorphous phase with increasing crystallization tem-
perature (T¢). Dielectric loss measured at 1 Hz as a
function of temperature decreased in intensity and
increased in breadth with decreasing T, but the loss
maximum remained at the same temperature. Unfor-
tunately, their dielectric data were collected from tem-
perature scans and not from frequency sweeps that are
essential for a study of dynamics. This makes a direct
comparison with our results difficult, though the un-
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changed location of their dielectric loss maximum on the
temperature scale can be considered loosely analogous
to the constant 7 observed in Figures 5 and 6. With
regard to our results, the unchanged fragility together
with the unchanged average relaxation time seems
compelling to allow the following conclusion. We note
an early work by Ngai and Roland, who showed that
crystallinity exerts a negligible effect on fragility (or
cooperativity), expressed in terms of the Tg-scaled
temperature dependence of the segmental relaxation
time, for several semicrystalline polymers.26 That these
segmental dynamics measures are not sensitive to the
different degree of crystallinity implies that the relaxing
segments are smaller than the thickness of the amor-
phous layers (i.e., the distance between lamellae). We
may therefore conclude that the distance between
lamellae is greater than the length of the primitive
segment and the characteristic size of the cooperatively
rearranging domain. This further implies that the
length scale of the a process is less than 4 nm, a
commonly observed thickness of the interlamellar amor-
phous phase within a long period in PLA?” and other
polymers.28 This size of the relaxing segment is in
agreement with the number of about 2—5 nm, recently
reported in several investigations of the cooperative
length scale in glass formers.2° It would be undoubtedly
interesting to complement our DRS data with the
scattering and electron microscopic information about
the size and fraction of crystalline and amorphous
regions in our samples.

Conclusions

The following conclusions were made regarding the
segmental o dynamics in poly(L-lactic acid) measured
by DRS before, during, and after crystallization. The
intensity and the dielectric relaxation strength of the a
process decrease with increasing degree of crystallinity.
The average relaxation time, however, remains unaf-
fected by the formation of lamellar crystals. This was
true for both melt and cold crystallization, notwith-
standing the fact that the macroscopic morphology was
different in these two cases. The temperature depen-
dence of the average relaxation time for samples that
range from wholly amorphous to crystallized is repre-
sented by a single VFT function. The observed insen-
sitivity of those segmental dynamics measures to the
difference in the degree of crystallinity implies that the
characteristic size of the cooperatively rearranging
domains is less than the thickness of the amorphous
layer between lamellae. 1t was concluded that the length
scale of the a process in this PLA is less than 4 nm.
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