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ABSTRACT: Long-chain molecules can self-assemble into ordered
and functional structures through chain folding. In crystalline
polymers, chain folding leads to lamellar crystals that are extremely
important to the ultimate properties. Understanding chain folding at
the molecular level remains a great challenge. Here, we report that a
dynamic helical cis-poly(phenylacetylene) bearing a bulky side group
(P1), which is a side-chain liquid crystalline polymer, can also form
folded chain lamellae in the hexagonal columnar phase. Our atomic
force microscopy (AFM) experiments on P1 thin films directly
visualized the adjacent and nonadjacent folds at the liquid crystal−
amorphous interface. While the helical segments of P1 with a
diameter of 2.2 nm closely pack in the hexagonal lattice, the disorder
strands that connect the helices could compose the folds.
Furthermore, we monitored the lamellar growth from the amorphous
state using AFM. We demonstrate experimentally for the first time that the lamellar growth may obey the kinetics of Ostwald
ripening. It is also found that with the initial lamellar thickness close to the persistence length of P1, the lamellae show simultaneous
lateral extension and thickening.

■ INTRODUCTION

Chain folding is a fundamental mechanism in self-assembly of
bio- and nonbiological polymers.1,2 Proteins fold into their
native state of ordered secondary and tertiary structure, based
on which biological functions are demonstrated.1 For synthetic
long-chain polymers, folding prevails when a random coil
collapses into a globule.3 Importantly, crystalline polymers
invoke chain folding as the elementary step to form lamellar
crystals,2,4−8 which affords the fast pathway of free energy
reduction when the metastable liquid turns into crystals. As
vital to the definitive utilities of crystalline polymers, which are
applied everyway, lamellar crystals have been a formidable
subject in both experiment and theory for decades. Nonethe-
less, the mechanism of chain folding crystallization remains
unclear,9−14 and thus the legible and intact pictures at the
molecular level are highly desired.
Albeit enormous difficulties, direct visualization of folded

chains has been attained using atomic force microscopy
(AFM).15−17 Torsional-tapping AFM was developed to detect
the molecular conformations of polyethylene (PE) chains at
the crystal−amorphous interface.15,16 For the monolayer of
isotactic poly(methyl methacrylate) (i-PMMA) on the mica
surface prepared using the Langmuir−Blodgett technique,
AFM experiments revealed the chain folding of the double-
stranded helix of i-PMMA in the monolayer as well as the

growth of two-dimensional (2D) crystals.18,19 Compared with
flexible PE chains, the double-stranded helix is much more
rigid, and its folding is fascinating. Cis-poly(phenylacetylene)
(cis-PPA) is a typical dynamic helical polymer.20,21 The chain
diameter, helical handedness, helical pitch, and helical reversal
have been successfully uncovered under a high-resolution
atomic force microscope.22−27 In the mono- or double layers
on the solid substrate, the cis-PPA chains are observed to pack
parallel into 2D crystals22−24 or 2D nematic liquid crystals,28,29

wherein the chains adopt an extended conformation as
expected for the rigid polymers. It is interesting to ask whether
the dynamic helical character of cis-PPA chains can permit
chain folding, and furthermore, how the chains will organize
into a hierarchical structure and morphology with the ordering
on different length scales.
Herein, we report that a cis-PPA, which bears two chiral (S)-

2-methylbutyl moieties attached to the 3,4-position of the
phenyl group through ester linkages (P1, Chart 1), can
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implement chain folding in the thin film. The film thickness of
50 nm is nearly twice the radius of gyration (Rg) of the
polymer studied. Particularly, the chain folding of P1 occurs in
a hexagonal columnar liquid crystal phase (ColH) rather than
in a crystal phase, which could proceed to edge-on lamellae on
the solid substrate. We followed the growth of folded chain
lamellae of P1. Tapered lamellae are observed with
simultaneous lateral growth and thickening, like that found
in PE lamellae in the hexagonal phase.30,31 However, the P1
lamellar growth exhibits the kinetics of Ostwald ripening,32,33

in contrast to the expected nucleation- or diffusion-controlled
growth. To the best of our knowledge, this is the first
experimental result of Ostwald ripening reported for the
growth of folded chain lamellae.

■ RESULTS AND DISCUSSION
Synthesis and molecular characterization of P1 are detailed in
the Supporting Information. It was found that the dynamic
helical P1 chains with a cis-content of 90% could be well
dissolved in common organic solvents such as chloroform,
tetrahydrofuran, cyclohexane, etc. Solution light scattering
indicates that P1 has a weight-average molecular weight of 1.41
× 106 g mol−1 and a Rg of ∼34 nm (Figure S1). Assuming 0.22
nm as the monomer unit length,34 the persistence length (lp)
of P1 was estimated to be ∼6 nm. It is worth noting that
although the alkyl tail on the side group of P1 bears the chiral
center, circular dichroism (CD) of both the P1 solution and
solid film is null in signal (Figure S2). Presumably, this could
be due to that the chiral center situated at the second carbon of
the alkyl tail is a little far away from the PPA backbone so that
the chirality could not be effectively transferred to induce the
single-handed helix with a preferential handedness. The CD
result suggests that P1 shall possess the right- and left-handed
helical segments coexisting along the chain, which are
connected by the disordered strands.
P1 with the bulky pendants presents the thermodynamically

stable phase of ColH, similar to the extensively studied helical
dendronized or side-chain PPAs.35−40 Nonetheless, precip-
itation and solution casting could result in amorphous P1
(Figure 1a, black line). At or above 100 °C, when the
conformation isomerization between cis-cisoidal (c-c) and cis-
transoidal (c-t) becomes active,35,36,40 thermal annealing
turned the amorphous P1 into ColH. The annealing temper-
ature (Ta) applied in the experiments did not exceed 120 °C
because at higher Ta the intramolecular cyclization and chain
scission of P1 would become severe when the annealing time
was prolonged.41 Due to the same reason, the isotropic
temperature of ColH, which should be higher than the
decomposition temperature, could not be certainly determined
upon heating.
The ColH of P1, wherein the parallel molecular cylinders are

closely packed, is confirmed by X-ray diffraction (XRD) of the
well-annealed samples (blue line in Figure 1a). While an
amorphous halo is observed in the high-angle region, a set of
low-angle diffractions with a q-ratio (q = 4πsinθ/λ, with 2θ the

scattering angle and λ the X-ray wavelength) of 1:31/2:41/2:71/2

indicates a hexagonal lattice with a parameter a of 2.22 nm.
Molecular simulation suggests that in ColH, the P1 helix adopts
a c-c conformation with a dihedral angle of 70° (Figure 1b), of
which the diameter of 2.2 nm matches the a parameter. Such a
P1 helix has the lowest energy among the c-c conformations
with various dihedral angles (Figure S4).
We performed AFM at RT to investigate the structure and

morphology of P1 in the 50 nm-thick thin film on the silicon
substrate, which was spin cast from the cyclohexane dilute
solution. Fascinatingly, we found that after thermal annealing,
the film surface would be covered by lath-like entities or
lamellae (Figures 2a and S5). Grazing-incidence XRD indicates
that the ColH phase is well developed in the thin film (Figure
2b). The strong out-of-plane (10) diffraction of the hexagonal
lattice evidences that the P1 segments are parallel to the
substrate. In this case, the lath-like entities can be viewed as
edge-on lamellae, as schematically drawn in the inset of Figure
2b. In polymer thin film crystallization, edge-on lamellae can
be frequently observed.42

When zooming in the scanning area (Figures 2c−f, S6), we
verified that the P1 lamellae are composed of the P1 chain
segments or stems parallelly packed together. The mean width
of stems in the lamellae is 2.2 nm, consistent with the XRD
results. Careful examination of P1 lamellae can further unveil
many important issues that have been intensively discussed in
polymer crystallization.2,4−14 The blue lines in Figure 2d,f are
drawn to illustrate the possible conformations of P1 chains
observed in the enlarged AFM images of Figure 2d,f. Clearly,

Chart 1. Chemical Structure of P1.

Figure 1. (a) 1D XRD profiles of P1 recorded at room temperature
(RT). The original sample was obtained by solution casting at RT.
The black, red, and blue solid lines correspond to the sample before
annealing, annealing for 0.5, and 4 h at 120 °C, respectively. The
major low-angle peak in the red line is in fact composed of the ColH
diffraction and the amorphous scattering, which can be deconvoluted
as represented by dotted blue and black lines, respectively. (b)
Molecular modeling of the P1 helix with a dihedral angle of 70°, i.e.,
suitable in the ColH phase. (c) Fold conformation of the P1 strand
obtained by molecular simulations. The dihedral angles are around
140°. The phenylene groups with green and red colors indicate the
left- and right-handed helical segments, respectively. Chain folding
can be achieved by continuous bending (A) and helical reversal (B).
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there exist adjacent and nonadjacent chain foldings, dangling
cilia emanating from the lamellar folded surface, and tie chains
that join two lamellae. Moreover, the stems within a lamella
exhibit a length distribution, giving direct evidence of the fold
length fluctuation.
A perfect P1 helix with a dihedral angle of 70° is a rigid rod

(Figures 1b and S4) that is hard to bend. The chain folding
observed must be associated with some “wrong” conformations
existing in the P1 chain. Note that a value of ∼6 nm of lp for
P1 is remarkably smaller than that reported for other PPAs,34

suggesting that the chain is just semirigid. Figure 1c shows a
possible fold conformation of a P1 strand simulated, wherein
the dihedral angles are around 140° (Figure S4). In this case,
the pendants are more apart from each other, releasing partly
the steric hindrance. The chain thus becomes relatively flexible

and can continuously bend into a fold (A in Figure 1c).
Moreover, the fold can also consist of the helical reversal (B in
Figure 1c). Such disordered strands might not regulate
conformation timely during the development of ColH. We
conjecture that because they cannot closely pack together, the
segments with “wrong” conformations will be rejected by ColH
and be cumulated on the lamellar basal surface. Meanwhile,
chain folding helps P1 chains to avoid surface overcrowding
when they assemble into lamellae, the same as that occurred in
crystallization of polymers.6 Likely, the “wrong” segments can
further act as “impurities” to cause the lamellar branching and
separating.2,4 Figure 2a shows that the individual lamellae
orientate randomly, and there exist no sheaf-like stacks of
lamellae, which are usually found in polymer crystals.2,4 As
shown by D in Figure 2f, even two lamellae that are tied by
some common P1 segments are splayed apart.
To monitor the lamellar growth of P1, we tried in situ AFM

at above 100 °C but failed because of the severe thermal drift.
Fortunately, we found that the ColH evolution could be
interrupted when shifting the temperature from Ta to RT. As
depicted by the red line in Figure 1a, the XRD result indicates
that the sample quenched to RT after a short annealing at 120
°C consisted of the ColH and amorphous P1. Prolonged
staying at RT would not increase the liquid crystallinity. This
allows us to conduct quasi-in situ AFM. Namely, after
annealing at a fixed Ta for a period of t, the sample was
quenched to RT for AFM scan; subsequently, the sample was
brought back to Ta quickly to resume the lamellar growth for
an additional t. Repeating this procedure could catch the
morphology change with t in the same area. Figure 3 shows a
set of quasi-in situ AFM images of a P1 thin film annealed at Ta
= 110 °C. After 30 min, the lamellae can be clearly sensed. As
the amorphous P1 at 110 °C is a viscous fluid, the lamellae
may slightly change their orientation during growth. Nonethe-
less, the same lamellae can be identified visibly in the
sequential AFM images, as exemplified by lamellae A, B, C,
and D in Figure 3.
Different modes of lamella growth could be identified based

on the quasi-in situ AFM results. The lamella may grow freely

Figure 2. (a) AFM height image and (b) grazing-incidence XRD
pattern of P1 thin films after annealing at 120 °C for 2 h. The inset in
(b) shows the schematic of edge-on lamellae. (c,e) Zoomed AFM
images. (d,f) Schematic representation of possible chain conforma-
tions shown in (c,e). A, B, C, and D indicate the adjacent,
nonadjacent folded chain, dangling cilia emanating from the lamellar
folded surface, and tie chains that join two lamellae, respectively. Scale
bar: 10 nm.

Figure 3. (a) Quasi-in situ AFM height images of the P1 thin film annealed at 110 °C for different times. Scale bar: 200 nm. (b−e) Zoomed AFM
images representing different growth modes of lamellae A−D indexed in (a). (b) Lamella A: free growth toward both sides. (c) Lamella B: one side
growth. (d) Lamella C: cease of growth on both sides. (e) Lamella D: merging of two separated lamellae into one.
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toward both sides (Figure 3b), or only one side is extended
when the other side encounters another lamella (Figure 3c).
When both sides are blocked by other lamellae, the lamella
ceases in the lateral growth (Figure 3d). When two separated
lamellae grow nearly head to head, they may merge into one
(Figure 3e). Seemingly, the P1 chains between the two growth
tips shown in Figure 3e could join in both lamellae
simultaneously and thus weld them together. For Ta = 120
°C, the same lamellar growth behavior can be observed (Figure
S8).
We measured the lengths of individual lamellae that changed

with t (Figure S9 and 10). Attention was paid to the lamellae
growing freely toward both sides, of which the mean lamellar
length (W) was calculated (see Supporting Information for the
details). The overall trend of morphology evolution could be
well represented by W as a function of t (Figures S9 and 10).
Two stages can be recognized: W increases nonlinearly first and
then, as the lamellar growth tips approach other lamellae
nearby, W tends to level off. Interestingly, we find that for the
first stage,W is proportional to t1/3, evidenced by the linear line
passing through the origin in the plot of W(t)3 − W(t0)3
versus t − t0,

32 wherein t0 is the time for the first observation of
lamellae under an atomic force microscope (Figure 4a).
Consequently, the nucleation- and diffusion-controlled growth
of P1 lamellae, which shall correspond to W proportional to t
and t1/2, respectively, could be excluded.
The scaling of W ∼ t1/3 suggests that the lamellar growth of

P1 follows the mechanism of Ostwald ripening.32,33 A
conventional Ostwald ripening would normally be observed
in the late stage of a diffusion-controlled growth process. In a
collection of particles with a size distribution, large particles
will grow in the expense of materials from the small particles.
Here, the small particles are less stable than the larger particles
because the former has higher surface energy. In our case, as

mentioned, the long P1 chain consists of helical segments and
disorder segments linked together. After the solvent was
eliminated, in the spin cast film, the P1 chains collapse, and the
helical segments could condense together to form clusters
pervasively.11,12,14,43 When the motion of P1 chains becomes
active at high temperatures, part of the clusters evolve into
nuclei and further the lamellae. The lamellar growth needs to
consume the chain segments with correct conformation, that
is, the helical segments, thus largely relying on the dissolution
of other less-stable clusters, as suggested by the schematic in
Figure 4c. This process can be analogized to the “evaporation−
condensation” occurring in the conventional Ostwald ripening,
by noticing that the growing lamellae and the diminishing
clusters of helical segments can be viewed as the large growing
particles and the evaporating particles, respectively. Note that
the clusters of helical segments cannot directly be detected by
our AFM due to the limit of resolution, thus only the averaging
length of the lamellae W is reported in Figure 4. The size of
these selected lamellae should be well above the actual
averaging size of all particles, which include the less-stable
clusters and lamellar nuclei. Nonetheless, the characteristic
scaling of the Ostwald ripening should still preserve (see Data
Analysis of Ostwald Ripening in Supporting Information).
Worthy of note is the high number density of lamellae that

grow independently at the same time (∼80 and ∼90 per μm2
for 110 and 120 °C, respectively). Thus, in the late stage of the
growth process, these growing lamellae compete fiercely in the
consumption of the helical segments, leading to the shortage of
the less-stable clusters of helical segments. Consequently, the
Ostwald ripening is no longer sustainable and the W versus t
curve deviates from the t1/3 scaling law accordingly. Figure 4a
shows that the slope of W(t)3 − W(t0)

3 versus t − t0 is larger
for 120 °C than that for 110 °C, indicating the accelerated
lamellar growth at an elevated temperature, which should be

Figure 4. (a) Plots of W(t)3 − W(t0)
3 vs t − t0 for Tas of 110 and 120 °C. W(t) is the mean length of the freely growing lamellae at annealing time

t. (b) Lamellar thickness L as a function of log t. L is the lamellar thickness at the lamellar center portion measured by ex situ AFM. (c) Schematic
of growth of folded chain lamella of P1. The dashed rectangles indicate the clusters of helical segments in the amorphous regions. Dissolution of the
clusters provides the materials for the lamellar growth, resulting in the kinetics of Ostwald ripening. The lamellar growth tip has a width close to lp
of P1. Lateral growth and lamellar thickening occur simultaneously, resulting in the tapered morphology.
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associated with the higher chain mobility. In this sense, the P1
lamellar growth in the ColH phase from the amorphous state
could be reminiscent of polymer cold crystallization, which
takes place by bringing the polymer from the amorphous state
of glass to above the glass transition temperature.
From the sequential AFM images shown in Figure 3a, one

may be already aware of that the P1 lamellae become thicker
and thicker during annealing. Moreover, the lamellae are
tapered from the center to the growth tip. The tapered shape
looks like that of PE lamellae grown in the hexagonal phase,
suggesting that the lateral growth and lamellar thickening occur
simultaneously.30,31 The thickening may be achieved either by
longitudinal sliding diffusion or by conformation adjustment of
P1 segments in the fold loops and cilia on the lamellar basal
surface. To measure the lamellar thickness (L) more precisely,
we used ex situ AFM images with higher resolution (Figure
S11 and 12). Figure 4b plots the L measured at the lamellar
center portion against the logarithm of annealing time (log t),
wherein fairly a linear function can be recognized. In this case,
the lamellar thickening of P1 differs from that of PE in the
hexagonal phase, where L increases linearly with t,30,31 but
rather like that of PE occurred in the orthorhombic phase.44,45

The extended chain lamella of P1 cannot be attained, probably
due to that some “wrong” conformations are unable to be
adjusted thoroughly and the existence of chain entanglement.
It is interesting to note that the spontaneously occurring lateral
growth of lamellae and lamellar thickening present distinct and
independent kinetics, that is, W ∼ t1/3 and L ∼ log t,
respectively. This may reflect that the diffusion process of
Ostwald ripening mainly occurs at the two growing tips of each
lamella. On the other hand, the lamellar thickening is a local
process associated with the folds and cilia on the lamellar basal
surfaces.
Similar to that occurred in polymer crystallization,2,4−14 the

higher the Ta, the thicker the lamellae of P1. For t = 240 min,
the mean values of L at the lamellar center are 21 and 28 nm
for 110 and 120 °C, respectively; however, at the early stage,
the difference between the L values at these two Tas is just ∼1
nm (Figure 4b). This outcome indicates that the thickening
process in fact dominates how large the L can be reached.13 On
the other hand, when measuring the lamellar tip widths at
various ts, we find that they are roughly constant, which are ∼8
and ∼9 nm at 110 and 120 °C, respectively (Figures 5 and
S13). For crystalline polymer, the metastable lamellae always
tend to thicken to reduce the free energy, and thus the initial
lamellar thickness is somewhat hard to be ambiguously

determined. Here, the tip width may reflect the initial lamellar
thickness of P1. Intriguingly, we note that this size is just
slightly larger than the lp value of ∼6 nm for P1. We envisage
that because the P1 chains intend to assemble into ColH as
quickly as possible, the existing helical segments with lp will be
selected at first.11,12 With no need of too much conformation
regulation, they can fit into the lattice on the lamellar growth
front.

■ CONCLUSIONS
In summary, we demonstrate that P1, a dynamic helical
poly(phenylacetylene), can form folded chain lamellae in its
ColH phase. Direct visualization of P1 chains under an atomic
force microscope reveals many important issues of chain
folding as extensively studied in polymer crystallization,
corroborating chain folding as an essential mechanism in the
self-assembly of polymers toward the ordered hierarchical
structures. Our ongoing experiments indicate that, similar to
P1, other PPAs with alkyl tails attached to the 3,4- or 3,5-
position of the phenyl group via ester linkage could also form
folded chain lamellae. We suggest that while the helical
segments pack into the ColH lamellae, the disordered strands
compose the folds. The lamellae of P1 exhibit a coupled lateral
growth and lamellar thickening, with the initial lamellar
thickness tightly associated with the persistence length of the
polymer. It is also identified that the lamellar growth follows
the kinetics of Ostwald ripening. This may be due to the
semirigid P1 forms numerous dense clusters of helical
segments as precursors to the ColH phase. When many
lamellae compete with each other, the clusters that hamper the
chain diffusion would make a shortage of materials available for
lamellar growth. We presume that this case may also occur in
the cold crystallization of conventional semicrystalline
polymers. We hope this work will inspire more research
studies on polymer self-assembly involving chain folding.
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