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The structure and morphology stability are extremely important
to the usage of crystalline polymeric materials. It is known that
during polymer crystallization the chain molecules may face
multiple free energy barriers (and thus with more than one
minimum) in a free energy landscape. In general, as the free energy
reduction follows the maximum rate path, chain molecules tempt
to overcome the lowest barrier to enter a state of folded chain
lamellar crystals with a thickness (fold length) around 5—50 nm,
which is usually metastable.! Therefore, from a thermodynamic
point of view, there is always a tendency for the thinner lamellae
to relax into more stable state, i.e., thicker lamellae with a larger
fold length. Since such a morphology evolution can greatly impact
the physical properties of polymeric materials, lamellar thickening
has been widely studied both experimentally and theoretically, not
only with regard to fundamental issues but also for applications.
However, the exact molecular mechanism of lamellar thickening,
a typical topic of the metastability of condensed matter, remains
ambiguous so far.

In experiments, lamellar thickening has been observed shortly
after the discovery of folded chain crystals,” mainly based on
the small-angle X-ray scattering (SAXS) measurements. The
SAXS clearly revealed that the long period of lamellae increased
after the formation of initial lamellar stacks. Two major features
of lamellar thickening are (1) the long period increases linearly
with logarithm of time (¥), particularly when ¢ is not very long,
and (2) the thickening rate of long period increases along
temperature (7). The lamellar thickening must result from the
longitudinal diffusion of chain segments with high mobility in
the crystal lattice.®> Sanchez et al. have reproduced the experi-
mental results by a phenomenological law, which states that
the lamellar thickening is a thermodynamically irreversible
process driven by a driving force arising from the unequal free
energies between the fold and lateral surfaces and the nonequi-
librium kinetically determined ratio of their areas.* However,
the coherent thickening domain, as a key assumption of this
theory, is physically unclear and thus cannot be confirmed by
experiments. On the other hand, the observations might be
interpreted to be indicative of nucleation control.’~’ It was
imagined that a bundle-like nucleus of thickened domain could
form after an incubation period of chain unfolding, which would
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then initiate growth. Despite numerous evidence collected,® there
is still a lack of the observations directly related to the early
stage of lamellar thickening, mainly due to the limitation of
techniques applied. For example, it is hard to use the scattering
profiles measured from lamellar stacks to answer how a lamella
starts to thicken and how lateral dimensions of a thickened
domain evolve with time. In this context, whether the lamellar
thickening is nucleation controlled or simply an irreversible
phenomenon cannot be justified.

Recently, the real space technique of atomic force microscopy
(AFM) enables the direct observation of polymer crystals down
to the nanometer scale.”'® While the isothermal crystallization
of polymers was followed in situ,”'"'? the lamellar thickening
was investigated.”'*>'* In this Communication, we present a
detailed study on kinetics of lamellar thickening of isolated
polymer crystal monolayers on solid substrates annealed at
elevated Ts. In contrast to a usual polymer crystallization that
occurs at three dimensions (3D), our monolayer system provides
a quasi-two-dimensional (2D) example which can be explored
by AFM in great detail. The monolayer feature also simplifies
the theoretical consideration, allowing an effective phase field
simulation. Our results manifest that monolayer lamellar
thickening process follows a mechanism of nucleation and
growth (NG). The birth and evolution of transient nuclei were
captured with high spatial and adequate time resolution for the
first time. The experimentally visualized patterns can help to
understand more the general primary nucleation process.
Moreover, the thickening rate increasing with 7 is found to be
naturally associated with the decrease of fold surface energy,
an important component of the thickening barrier.

The sample used in this study is a low molecular weight
(LMW) poly(ethylene oxide) (PEO) fraction with both chain
ends of —OH purchased from Polymer Laboratories (M, =
2000 g mol™!, M,/M, = 1.03). A remarkable feature of LMW
PEO fraction is that it can crystallize into integral-folding chain
(IF) crystals®'® as stacked lamellae in bulk and also as
monolayers on solid surfaces with the chain axis normal to the
substrate.'* The extended chain crystal [IF(0)] of LMW PEO
corresponds to the ultimate stable state, whereas other IF crystals
stay at local free energy minimums. For our sample, the IF(0)
thickness is almost identical to the calculated extended chain
length of lpa = 12.5 nm, where [, = 45 is the degree of
polymerization and @ = 0.2783 nm,'” the average length of a
monomer in the crystal lattice; the thickness of once-folded chain
crystal [IF(1)] is simply 12.5/2 = 6.3 nm. These two discrete
thicknesses can be unambiguously distinguished through AFM
height measurement. The T}, of IF(0) monolayers is 51.0 °C;
the T, of IF(1) monolayers is slightly above 30.0 °C, which is
unable to be precisely determined due to the fast thickening
when T approaches to the T, of IF(1).

We prepared the PEO monolayer on freshly cleaved mica
surfaces by the simple static solution casting.'> The concentra-
tion of the PEO/methylene chloride solution was ~0.5 mg mL !,
and the as-cast samples were dried in vacuum for days. To
obtain the initial IF(1) monolayers, the samples were heated to
70 °C for 5 min to ensure the complete melting, followed by
quenching to 18 °C or below. Isothermal thickening from IF(1)
to IF(0) of the samples was realized by annealing the IF(1)
monolayers at elevated 7s. The subsequent morphological
changes were monitored with a tapping mode AFM (DI
Nanoscope IIIA coupled with a hot stage). The AFM tip dilation
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Figure 1. A set of height images (size of 800 x 800 nm?) captured by tapping mode AFM for the thickening of a PEO monolayer crystal annealed
at 26 °C (a—d) and a set of height images obtained from simulation at 7= 302.5 K (e—h). For AFM images, the annealing time is (a) 7.0, (b) 20.2,
(c) 35.9, and (d) 50.8 min; the green region is monolayer crystal, and the orange region is substrate. For simulation, the run time is (e) 300, (f) 370,

(g) 440, and (h) 510 steps.

effect was examined by deconvoluting the section profiles from
an assumed tip geometry function of parabola using a published
surface reconstruction algorithm.'® Because the maximum height
difference between the thickened domain and the top surface
of the IF(1) monolayer is only ~6 nm, the tip dilation effect is
almost negligible (see Figure S2 in the Supporting Information).
Therefore, the height and lateral dimension given below were
directly measured from the original AFM section profiles.

In the AFM experiments, both the topography and thickness
distribution across the top surface of crystal monolayers could
be visualized simultaneously. The initial IF(1) monolayers were
fingerlike, similar to those crystallized from polymer thin films
at a large undercooling with a diffusion-limited mechanism of
crystal growth.'* The top surface of initial IF(1) monolayer was
quite smooth with a root-mean-square average height deviation
(Ry) of ~0.15 nm. However, it became rough once the
temperature jumped to higher, indicating the enhanced fluctua-
tion of lamellar thickness of the monolayer. This reflects that
the increased thermal energy certainly causes the stronger chain
motion along the longitudinal direction within the mother phase
of IF(1) monolayer. The fluctuation eventually led to the
formation of thickening domains which could be clearly
identified within the mother phase in AFM height images.

Figure 1a—d shows a set of AFM height images recorded at
T = 26 °C (as another example, a set of images for 30 °C is
given in the Supporting Information). Here we focus on one
branch of a fingerlike monolayer. The thickening domains
recognized as the blue or purple dots in the green matrix are
nearly rounded. If draw a line through the center along the fast
scan direction (X direction) and plot the section profile for each
image recorded sequentially, we can obtain the interface
evolution with #, exemplified in Figure 2 for the domain indexed
by arrow in Figure la—d. Two quantities are necessary to
describe the evolution of such domains: the maximum thickness
and the lateral size, represented by the peak value (H) and peak
half-width (HW) in the interface profile (see the inset of Figure
2). At the very beginning, no clear-cut interface between
thickened domains and mother phase can be identified; both H
and HW are randomly distributed around their minimum values,
with a fluctuation amplitude of ~0.7 nm and a fluctuation scale
of ~15 nm. After an induction period of ~20 min, a distin-
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Figure 2. Section profiles through the center of a typical domain
indicated by the arrow in Figure la—d. The inset plots the values of
the peak value (H) and the peak half-width (HW) in the interface profile
as functions of 7.

guishable thickened domain emerges: the HW increases linearly
and H grows first slowly followed by a rapid approach to the
thickness of IF(0) crystal. Remarkably, the sigmoidal increase
of H resembles the long period evolution pattern observed by
scattering method,*” but here only a single domain is measured.
This observation leads to the conclusion that lamellar thickening
indeed involves a primary nucleation process.””’ The AFM
experiments by Reiter et al. demonstrate that the thickening was
mainly initiated at lamellar edges where chains experience fewer
constraints and thus are more mobile.'* However, we find that
the thickening domains also frequently emerge from the
monolayer interior, a phenomenon that was rarely reported. We
consider that the NG mechanism should be applicable for both
cases. It should be noticed that the area of the crystal monolayer
shown in Figure la—d shrank continuously, implying that the
materials transported quickly from unthickened part to thicken-
ing domains due to mass conversation.

The nucleation process is strongly 7-dependent. To obtain
the nucleation rate, IF(1) monolayers were annealed at various
Ts (T < 30 °C), and the number density of thickening domains
(p~) was counted for each images. Figure 3a illustrates a steady
linear growth of py preceded by an induction period. Upon
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Figure 3. Evolution of the number density of thickening domains for
monolayer crystals (on) annealed at various 7s (a). 7-dependences of
nucleation rates measured as the speed of the steady growth stage of
o~ (b) and counted from simulation (c).

raising 7, the induction period is shortened sharply and the
nucleation rate is enhanced, resembling that found in bulk state.
In contrast to polymer crystallization or melting where the
logarithm of nucleation rate is proportional to AT =2 (AT is the
undercooling or superheating),® the nucleation rate of the IF(1)-
to-IF(0) transformation studied here obeys the Arrhenius law
(see Figure 3b) with an activation energy of 129.7 kJ mol .

To better understand this lamellar thickening process, we
intend to build a model with consideration of the curved
interface between thickening domains and mother phase. Phase
field theory is widely used to study the phase transition kinetics
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in mesoscale.'® This theory is often treated as a coarse-grained
model by using a Landau-type free energy functional.”® The
rationale for developing such a model is the current inability
of fully molecular models to address the formation of large- or
mesoscale morphologies. Although this field-theoretic approach
disregards most of the molecular scale details of phase transition,
it is still sufficient to catch the essence of physical processes.
Taking advantage of the simplicity of our 2D crystalline system,
we are able to construct a free energy functional containing the
well-defined physical parameters only. In our model, each stem
is coarse-grained into a single point on plane associated with
an order parameter ¢ defined by /), where [ is the length of
the stem (in monomer number) equivalent to the monolayer
thickness at this lattice site. The order parameter may vary due
to a cooperative sliding motion of stems along the chain axis
in the crystal lattice.

It is convenient to divide the energy into two parts: local
and nonlocal. The local part corresponds to the sum over the
whole monolayer based on the free energy density of each stem.
For a crystallized stem with length [, its free energy of
crystallization in a approximation is I(—Ag) = —IARAT(T/
T9),”" where Ag and Ah; are the Gibbs free energy and heat of
fusion per monomer, respectively, and AT is defined as 1 —
T/T 9, with T, the equilibrium T,. For convenience, we shift
the zero free energy reference from melt to the IF(0) crystal so
that the free energy of a stem is f. = lo(1 — ¢)Ag. Besides,
consider a crystal monolayer with a homogeneous / and 1/2 <
¢ <1 (i.e., the chains are nonintegrally folded); the end groups
are forced to embed in the crystalline core as defects, and the
folds stay on either top or bottom surface. The excess energies
arisen from the defect and fold for each stem can be calculated
by f: = P¢C and f,, = P,n, respectively, with { = 2Ag for a
defect, 7 = N;Ag for a fold with the monomer number of N,
and P and P), are the [-dependent probabilities to have a defect
and a fold on one stem (see Supporting Information). An
additional effect related to the perturbation of stem length should
also be included. Because of the inevitable thermal fluctuation,?
a stem can adjust its length near a value corresponding to a
local free energy minimum. The stem will feel a force generated
by deforming the fold when it extends or contracts. Assuming
the chain fold can be described by the Zachmann model,?? this
force contributes a free energy V = 3l%kgT(¢p — ¢')/2(N; — 1).
To sum all up, we need to minimize the free energy with respect
to ¢'. The local free energy density is

froca(®) = minlfu(¢) + £,(&) + [(¢) + V(¢ ¢)]. (D)

and the free energy of monolayer is Fioca = s Siocal(@) dS. The
profile of fi,cu exhibits a double-well structure with one of IF(1)
and the other of IF(0) (see Figure S4 in Supporting Information).
In addition, many shallow wells are presented corresponding
to other fractionally folded crystals, and the profile is in fact
consisted of many upward parabolas (concave up).

The nonlocal free energy includes the surface energy of top
and bottom surfaces of a crystal monolayer, while the lateral
surface is neglected for a simplification.® Generally, the top
surface is rough and its area can be expressed as an integral,
while the bottom one may remain largely flat due to the
incompressibility of the solid substrate. Assuming that the
surface energy is independent of the surface curvature, the total
surface energy can be readily calculated as

Fyua = $ilo1 + (02 + 0, dr dy, @)
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where o, and oy, represent the top and bottom surface energies,
and U is the gradient operator. Further simplification is based
on the assumption that the fluctuation is small enough, allowing
the drop-off of the higher order spatial dependences. Using u
= xlag, v = ylay (ay is the square root of cross-section area of
a stem), b, = (lpa)*o., and Oz = (lyalag)0¢, eq 2 is reduced to

b(7
Foua = fsgm%p dudv + (0, +0,)dudv (3

The free energy functional is a combination of the local and
nonlocal terms: F(¢p) = Fioca(¢) T+ Fara(¢). Although the
perimeter of a real initial IF(1) monolayer is always ill-shaped,
we did simulation on square lattice for convenience. Because
the whole area of monolayer is not conserved, we have to locate
a square lattice (area S) inside the crystal monolayer (area Sp)
to keep area S constant. The order parameter is nonconserved
within the square lattice, but it is conserved in whole crystal
monolayer with an assumption of incompressibility or mass
conservation. The time evolution of nonconserved order pa-
rameter is governed by the following relaxational dynamics
equation but with a correction due to incompressibility or mass
conservation

_ nOADF(P)]
PSS

where a Lagrange multiplier A(¢p) = (So/S)f po(r,T) dSI$p(r,T)
dS is introduced to ensure mass conservation, and &(r,) is the
white noise which is directly related to the thermal fluctuation.
Equation 4 is all we need to describe the evolution of crystal
monolayers upon annealing. The time scales for the field are
determined by the appropriate mobility D, and all other
parameters correspond to their physical parts. The mass transport
is not studied explicitly here because our interest is mainly on
the nucleation stage, where the diffusion rate within the solid
state only affects the magnitude but not the 7-dependence of
the nucleation rate. At later stage, the rate of growing the lateral
size of thickening domains certainly can be controlled either
by surface nucleation or by diffusion,'? but it is beyond the
main scope in this Communication.

Typical numerical results are shown in Figure le—h. Despite
the time scale, a direct comparison between simulations and
experiments can be made. In fact, the evolution patterns match
each other remarkably well for many aspects, including (1)
roughening (or fluctuation) of the top surface, (2) the present
of induction period, (3) the curved shape of thickening domains,
(4) the sigmoidal growth of H and linear growth of HW, and
(5) the evolution of the number of thickening domains (see
Supporting Information). This comparison confirms that the
phase field simulation is versatile in reproducing the experi-
mental observations.

In addition to these consistencies, the 7-dependence of nucleation
rate was also studied. Since the system in our simulation is rather
small (256 x 256) bringing about the limited number of thickening
domains, we determined the nucleation rate by running simulation
with the same parameter set for a number of times and recording
the appearing time of the first thickening domain which could
survive to grow further for each run.?® At long times the histogram
h(?) of these first appearing times behaves as h(f) ~ exp(—I),
where [ denotes the nucleation rate obtained by simulation (see
Supporting Information).

In simulation we found that the nucleation rate was quite
sensitive to the property of o.. Keeping o, a constant would
give the nucleation rate dropping with increasing 7, contrary

i)
o + &), o
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to the experimental observations. In light of the work of Flory
and Vrij,24 Kovacs and Buckley,25 and Hoffman et al.,>! we
assume that o, of the amorphous fold surface can be expressed
as C — BT, a linear decrease with 7. Although no experimental
quantities were directly applied, the simulation with proper
values of C and B could successfully recover the experimental
observations (see Figure 3c); i.e., the logarithm of nucleation
rate decreases linearly with 1/7. According to the phase field
theory,26 the line tension y in 2D case can be calculated from
v = [1n[2bafioca(@)]* dp. While fioca does not change much
with 7, the line tension is mainly dependent on the coefficient
of gradient term b,. As T increases, 0. will become smaller and
so as b, and y. Consequently, stems can protrude out of the top
surface more easily, yielding a higher nucleation rate. In other
words, the surface free energy is mapped to the line tension
which hinders the nucleation of thickening domains in our 2D
model. It has become clear: the chain sliding motion provides
the manner of thickening whereas the surface free energy
decides whether or not the sliding motion can actually lead to
the nucleation. Furthermore, if we keep the T and other
parameters constant to perform numerical simulation, the
nucleation rate decreases with increasing b, and the nucleation
process stops beyond some critical value. This may explain why
some folded chain crystals cannot thicken or only thicken at T’
rather close to T,,.* The reason is that the surface energy of
their fold surfaces exceeds a critical value corresponding to a
particular set of parameters.

The simulations elaborated that thickening domains might
appear and vanish back and forth for several times before one
domain eventually reached the size large enough to grow further.
A more detailed analysis exhibited that some nascent thickening
domains could grow both in thickness and lateral size before
they vanished. This picture is fully consistent with the classical
nucleation theory. It tells the existence of a barrier associated
with the size of critical nuclei. Therefore, our monolayer system
studied gives a unique example of observing the nascent nuclei
directly as colloidal systems did.*’

The simplest way to estimate the work needed to form a
thickening domain is to treat the thickening domain as a disk
with a radius of R, and a uniform thickness represented by an
effective ¢ (see Supporting Information). Then, the work can
be readily evaluated from the free energy functional®®

W = Flo(e, 0] = Flgu(r,0] = alfig,) — 20u(3)[Ri + b,
(6 = 3 R

The results of the numerical simulation are plotted in Figure 4
for different 7S, wherein the W—R, curve can be fitted
satisfactorily with a quadratic function. The nucleation barrier
W* extracted from the fitted functions is linearly proportional
to 1/T (see the inset). Therefore, the nucleation rate which can
be calculated as A exp(—W#*) [0 exp(—1/T) is consistent with
both the simulation and experiment. We note that the R,* values
corresponding to the W* ranged from 2 to 4 are too small in
comparison with experimental results, reflecting that in the phase
field model a lattice point may be composed of several stems
rather than one as assumed previously. However, the diameter
of “stem” introduced in this model should be proportional to
that of the real system, although we do not know the quantitative
relationship between them.

In summary, we traced the thickening from IF(1) to IF(0) of
the LMW PEO monolayer crystals on the mica surface using
the in situ AFM method. The experiments have revealed the
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Figure 4. (a) Works needed to form a thickening domain calculated
from simulation as functions of the thickening domain size at different
Ts. Solid lines are fitting curves of quadratic functions. (b) Nucleation
barrie]r W* (peak value of the fitted W—R, curve) as a linear function
of T

detailed process of the morphological evolution via generating
thickening domains in the mother phase. This transition follows
a NG mechanism, which can be suitably tackled with the phase
field simulation. The numerical study indicates that the increase
in the thickening nucleation rate with 7 is mainly caused by
the reduction of surface energy. Therefore, for metastable
lamellar crystals of polymers, we may conclude that the
tendency of reducing the free energy makes the thickening
possible, the sliding motion of stems provides a means to
overcome the barrier, and the fold surface properties govern
the T-dependent behavior. We hope that this work would deepen
our understanding of the polymer metastability and be extended
to other complex reorganization and recrystallization behaviors
of polymeric materials. Although in the present work we deal
with the LMW PEO monolayers on solid substrates, the
preliminary results may help to the further study of general
mechanism of lamellar thickening. For high molecular weight
(HMW) crystalline polymers, the excess energy due to the chain
ends becomes negligible. Therefore, the lamellae can stay at
the local energy minima of either integral or nonintegral folded
states, depending on both time and temperatures. In this context,
our LMW PEO, which always selects the two most profound
free energy minima of IF(1) and IF(0), looks different. However,
the local free energy (fioca) of LMW PEO in fact possesses many
other local minima of fractionally folded crystals (see Supporting
Information), which is thus essentially the same as that of HMW
ones. The thickening from IF(1) to IF(0) shall not be a simple
two-state system but rather a multiple-step process. After the
barrier of IF(1) thickening is overcome, the following transient
steps are hard to be monitored clearly due to the rapid kinetics
with shallow barriers. At present, to completely explore the
molecular details for the pathway of free energy changes during
the thickening is a challenge task. As long as this complete free
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energy pathway is understood, the linkage between low and high
molecular weight polymer crystals may be established.
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