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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 Yo
the molecular level remains a great challenge. Here, we report that a
dynamic helicalispoly(phenylacetylene) bearing a bulky side group
(P1), which is a side-chain liquid crystalline polymer, can also8rm
folded chain lamellae in the hexagonal columnar phase. Our ﬁ;\)\ »
force microscopy (AFM) experiments Bh thin Ims directly 'K) 7\? \f\' : ;
visualized the adjacent and nonadjacent folds at the liquid cryStokmmsm . 20 NN
amorphous interface. While the helical segmerfd ofith a ¥ 2000
diameter of 2.2 nm closely pack in the hexagonal lattice, the dF
strands that connect the hesiccould compose the folds.
Furthermore, we monitored the lamellar growth from the amorphous

state using AFM. We demonstrate experimentally farsthtene that the lamellar growth may obey the kinetics of Ostwald
ripening. It is also found that with the initial lamellar thickness close to the persistenceletiggtenfiellae show simultaneous
lateral extension and thickening.
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INTRODUCTION growth of two-dimensional (2D) crystals.Compared with

Chain folding is a fundamental mechanism in self-assembly .Sf(ible PE chains, the double-stranded helix is much more

bio- and nonbiological polymétsProteins fold into their rigid, and its folding is fascinatiGgspoly(phenylacetylene)

native state of ordered secondary and tertiary structure, ba%g@PPA) is a typical dynamic heli_cal p(_)ly’liiérThe chain

on which biological functions are demonsttatedsynthetic lameter, helical handedness, helical pitch, and h_ellcal reve_rsal
long-chain polymers, folding prevails when a random c&] ve been su_ccessfully27uncovered under a high-resolution
collapses into a globdlémportantly, crystalline polymers aotmhlc folr%e mt;c;ostcofi;. PIF?A:{h?] mono- ort;joubledlﬁyers K
invoke chain folding as the elementary step to form lamell§ 1€ solid subs ra% 249 chains aré observe gggpac
crystal$ ® which aords the fast pathway of free energy parallel into 2D crystafs™ or 2D nematic liquid crystals,

reduction when the metastable liquid turns into crystals. Avgherem the Ch?'”.s adopt mxte_n(_jectonfprmanon as

vital to the denitive utilities of crystalline polymers, which areexpected fqr the _r|g|d polymers._lt IS Interesting to ask wh_ether
applied everyway, lamellar crystals have been a formida .dy”a”?'c helical charactercsPPA cham; can permit
subject in both experiment and theory for decades. Nonethg N fqldmg, _and furthermore, how the chams will organize
less, the mechanism of chain folding crystallization remainil & hierarchical structure and morphology with the ordering

14 ; : - on di erent length scales.
umnoﬁleegﬂ’ar I:\?s: ;?gshgﬁylzgelsbilfedand intact pictures at the Herein, we report thattésPPA, which bears two chiigh (

Albeit enormous dculties, direct visualization of folded 2-methyloutyl moieties attached to the 3,4-position of the

chains has been attained using atomic force microscoBDenyI group through ester linkaged, (Chart 3, can

(AFM).*> *" Torsional-tapping AFM was developed to detect—— _
the molecular conformations of folyethylene (PE) chains &eceived: April 14, 2021
the crystalamorphous interfate'® For the monolayer of Revised: May 29, 2021
isotactigoly(methyl methacrylate)}-RMMA) on the mica  Published: June 16, 2021
surface prepared using the LangrBlidgett technique,

AFM experiments revealed the chain folding of the double-

stranded helix dfPMMA in the monolayer as well as the
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W ACS Publications 6038 Macromoleculeg021, 54, 60386044


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan-Fang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xu+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Song+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jia-Xin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ming-Qiu+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo-Yuan+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Xin+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuang+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuang+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Er-Qiang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.1c00818&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00818?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00818?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00818?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00818?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00818?fig=abs1&ref=pdf
https://pubs.acs.org/toc/mamobx/54/13?ref=pdf
https://pubs.acs.org/toc/mamobx/54/13?ref=pdf
https://pubs.acs.org/toc/mamobx/54/13?ref=pdf
https://pubs.acs.org/toc/mamobx/54/13?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.1c00818?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf

Macromolecules pubs.acs.org/Macromolecules

Chart 1. Chemical Structure of P1. a)
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implement chain folding in the thim. The Im thickness of

50 nm is nearly twice the radius of gyratR) ¢f the 02 04 06 08 10 12 14 16

polymer studied. Particularly, the chain foldiR@ ofcurs in a(a’h)

a hexagonal columnar liquid crystal phasg)(@mher than c) ‘

in a crystal phase, which could proceed to edge-on lamellae \h\xg%\}\}f;‘)

lamellae ofP1l Tapered lamellae are observed with
simultaneous lateral growth and thickening, like that foun
in PE lamellae in the hexagonal pftdsédowever, thé1
lamellar growth exhibits the kinetics of Ostwald ripéning,
in contrast to the expected nucleation- arsithn-controlled
growth. To the best of our knowledge, this is tise

experimental result of Ostwald ripening reported for theigyre 1 (a) 1D XRD proles ofP1 recorded at room temperature

the solid substrate. We followed the growth of folded chai ;@T 7171

growth of folded chain lamellae. (RT). The original sample was obtained by solution casting at RT.
The black, red, and blue solid lines correspond to the sample before
RESULTS AND DISCUSSION annealing, annealing for 0.5, and 4 h at@20espectively. The

Synthesis and molecular characterizati®h arfe detailed in ~ major low-angle peak in the red line is in fact composed ofthe Col
the Supporting Informationt was found that the dynamic di raction and the amorphous scattering, which can be deconvoluted
helicalP1 chains with aiscontent of 90% could be well 23S represented by dotted blue and black lines, respectively. (b)
dissolved in common organic solvents such as chloroforffio/écular modeling of tfid helix with a dihedral angle of 7Ce.,

h . : suitable in the Cglphase. (c) Fold conformation of #g strand
tetrahydrofuran, cyclohexaetg. Solution light scattering obtained by molecular simulations. The dihedral angles are around

indicates tha®1has a weight-average molecular weight of 14445 The phenylene groups with green and red colors indicate the
x 10°g mol*and aR;of 34 nm Figure S)L Assuming 0.22  |eft- and right-handed helical segments, respectively. Chain folding
nm as the monomer unit lengtithe persistence length) ( can be achieved by continuous bending (A) and helical reversal (B).
of P1 was estimated to bes nm. It is worth noting that
although the alkyl tail on the side groupldfears the chiral
center, circular dichroism (CD) of both fi&solution and  scattering angle andhe X-ray wavelength) of 2311/2:71/2
solid Im is null in signalRjgure SR Presumably, this could indicates a hexagonal lattice with a paramefe2.22 nm.
be due to that the chiral center situated at the second carbonMblecular simulation suggests that in,@oéP 1 helix adopts
the alkyl tail is a little far away from the PPA backbone so that:c conformation with a dihedral angle 8 F@yure b), of
the chirality could not be ectively transferred to induce the which the diameter of 2.2 nm matchesbegrameter. Such a
single-handed helix with a preferential handedness. The 11 helix has the lowest energy among:theonformations
result suggests that shall possess the right- and left-handedwith various dihedral angl&€sglire Sy
helical segments coexisting along the chain, which aréWe performed AFM at RT to investigate the structure and
connected by the disordered strands. morphology oP1in the 50 nm-thick thinlm on the silicon
P1with the bulky pendants presents the thermodynamicallubstrate, which was spin cast from the cyclohexane dilute
stable phase of Gokimilar to the extensively studied helicalsolution. Fascinatingly, we found that after thermal annealing,
dendronized or side-chain PPAS] Nonetheless, precip- the Im surface would be covered by lath-like entities or
itation and solution casting could result in amorpRGus lamellaeKigures @ andsS9. Grazing-incidence XRD indicates
(Figure @&, black line). At or above 10C, when the that the Cql phase is well developed in the ttin (Figure
conformation isomerization betweescisoidal ¢c) andcis 2b). The strong out-of-plane (10) diction of the hexagonal
transoidal ¢t) becomes active’®*° thermal annealing lattice evidences that tf segments are parallel to the
turned the amorphol®l into Col,. The annealing temper- substrate. In this case, the lath-like entities can be viewed as
ature Ty applied in the experiments did not exceed®@20 edge-on lamellae, as schematically drawn in the Figet®f
because at high&g the intramolecular cyclization and chain 2b. In polymer thin Im crystallization, edge-on lamellae can
scission oP1 would become severe when the annealing timee frequently observé&d.
was prolongett. Due to the same reason, the isotropic When zooming in the scanning afégifes € f, S, we
temperature of Cgl which should be higher than the veried that theP1 lamellae are composed of Biechain
decomposition temperature, could not be certainly determinesggments or stems parallelly packed together. The mean width
upon heating. of stems in the lamellae is 2.2 nm, consistent with the XRD
The Col, of P1, wherein the parallel molecular cylinders areesults. Careful examinatiorP@flamellae can further unveil
closely packed, is comed by X-ray draction (XRD) of the ~ many important issues that have been intensively discussed in
well-annealed samples (blue lineFiigure &). While an  polymer crystallizatiéfi. ** The blue lines ifrigure @,f are
amorphous halo is observed in the high-angle region, a setdofwn to illustrate the possible conformatiorizlafhains
low-angle dractions with gratio @=4 sin/ , with 2 the observed in the enlarged AFM imagésgofre @,f. Clearly,
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and can continuously bend into a fold (AFigure t).
Moreover, the fold can also consist of the helical reversal (B in
Figure t). Such disordered strands might not regulate
conformation timely during the development of,.QMe
conjecture that because they cannot closely pack together, the
segments witlwrond conformations will be rejected by, Col
and be cumulated on the lamellar basal surface. Meanwhile,
chain folding helpB1 chains to avoid surface overcrowding
when they assemble into lamellae, the same as that occurred in
crystallization of polymérkikely, the‘'wrong segments can
further act a&mpurities to cause the lamellar branching and
separating® Figure 2 shows that the individual lamellae
orientate randomly, and there exist no sheaf-like stacks of
lamellae, which are usually found in polymer cfystss.
shown by D irFigure 2 even two lamellae that are tied by
Figure 2.(a) AFM height image and (b) grazing-incidence XRDSOme commoR1 segments are splayed apart.
pattern oP1thin Ims after annealing at 1°ZDfor 2 h. The inset in To monitor the lamellar growthR{, we tried in situ AFM
(b) shows the schematic of edge-on lamellae. (c,e) Zoomed AFBt above 106C but failed because of the severe thermal drift.
images. (d,f) Schematic representation of possible chain conforngyrtunately, we found that the Cadvolution could be
tions shown in (ce). A, B, C, and D indicate the adjacentinterrupted when shifting the temperature ffQto RT. As
nonadjacent folded chain, dangling cilia emanating from the lamel icted by the red linefiigure 4, the XRD result indicates
Lo;(ri.efos:il;ace, and tie chains that join two lamellae, respectively. Sﬁ;i\ the sample quenched to RT after a short annealing at 120
' ' °C consisted of the Gpland amorphou$l Prolonged
staying at RT would not increase the liquid crystallinity. This
there exist adjacent and nonadjacent chain foldings, danglitpws us to conduct quasi-in situ AFM. Namely, after
cilia emanating from the lamellar folded surface, and tie chafmiealing at axed T, for a period oft, the sample was
that join two lamellae. Moreover, the stems within a lamellguenched to RT for AFM scan; subsequently, the sample was
exhibit a length distribution, giving direct evidence of the foldrought back td, quickly to resume the lamellar growth for
length uctuation. an additionat. Repeating this procedure could catch the
A perfecP1 helix with a dihedral angle of a rigid rod morphology change witlin the same areligure 3shows a
(Figures i andS4 that is hard to bend. The chain folding set of quasi-in situ AFM images®i#hin Im annealed dt,
observed must be associated with S@road conformations = 110°C. After 30 min, the lamellae can be clearly sensed. As
existing in thé&1 chain. Note that a value 08 nm ofl, for the amorphouP1 at 110°C is a viscousuid, the lamellae
P1lis remarkably smaller than that reported for other’PAs,may slightly change their orientation during growth. Nonethe-
suggesting that the chain is just semifigidre ¢ shows a less, the same lamellae can be iéentvisibly in the
possible fold conformation oP# strand simulated, wherein sequential AFM images, as exeatplby lamellae A, B, C,
the dihedral angles are around® 1&@ure Sy In this case, and D inFigure 3
the pendants are more apart from each other, releasing partlpi erent modes of lamella growth could be idehbased
the steric hindrance. The chain thus becomes relagiiblg on the quasi-in situ AFM results. The lamella may grow freely

Figure 3.(a) Quasi-in situ AFM height images ofRfi¢hin Im annealed at 12C for di erent times. Scale bar: 200 nm epZoomed AFM
images representingetient growth modes of lamelladdAndexed 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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Figure 4.(a) Plots oM/(1)®  W(tg)3vst t,for T,s of 110 and 12T. W(t) is the mean length of the freely growing lamellae at annealing time

t. (b) Lamellar thickne&sas a function of IdgL is the lamellar thickness at the lamellar center portion measured by ex situ AFM. (c) Schematic

of growth of folded chain lamell&@&f 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 hasla width close to
of P1 Lateral growth and lamellar thickening occur simultaneously, resulting in the tapered morphology.

toward both sideg={gure B), or only one side is extended mentioned, the lorgl chain consists of helical segments and
when the other side encounters another lankédlar¢ 8). disorder segments linked together. After the solvent was
When both sides are blocked by other lamellae, the lame#liminated, in the spin cabh, theP1chains collapse, and the
ceases in the lateral growiig(re &8). When two separated helical segments could condense together to form clusters
lamellae grow nearly head to head, they may merge into opervasively:">*4*3 When the motion dP1 chains becomes
(Figure 8). Seemingly, tli#l chains between the two growth active at high temperatures, part of the clusters evolve into
tips shown inFigure 8 could join in both lamellae nuclei and further the lamellae. The lamellar growth needs to
simultaneously and thus weld them togetherT for120 consume the chain segments with correct conformation, that
°C, the same lamellar growth behavior can be obseueé (s, the helical segments, thus largely relying on the dissolution
S8. of other less-stable clusters, as suggested by the schematic in
We measured the lengths of individual lamellae that changédure 4. This process can be analogized t@tagoration
witht (Figure S9 and ).OAttention was paid to the lamellae condensatidroccurring in the conventional Ostwald ripening,
growing freely toward both sides, of which the mean lamellay noticing that the growing lamellae and the diminishing
length V) was calculated (s€epporting Informatidior the clusters of helical segments can be viewed as the large growing
details). The overall trend of morphology evolution could bearticles and the evaporating particles, respectively. Note that
well represented W as a function df(Figures S9 and IO  the clusters of helical segments cannot directly be detected by
Two stages can be recogni¥éthcreasesonlinearlyrst and our AFM due to the limit of resolution, thus only the averaging
then, as the lamellar growth tips approach other lamelldength of the lamella¥ is reported irFigure 4 The size of
nearbyW tends to level o Interestingly, wend that for the  these selected lamellae should be well above the actual
rst stageyV is proportional t6'3, evidenced by the linear line averaging size of all particles, which include the less-stable

passing through the origin in the plotft)3  W(ty)3 clusters and lamellar nuclei. Nonetheless, the characteristic

versus t,,>?whereir, is the time for therst observation of ~ scaling of the Ostwald ripening should still preserve (see Data

lamellae under an atomic force microscopgure 4). Analysis of Ostwald RipeningSimpporting Informatijn

Consequently, the nucleation- andslon-controlled growth Worthy of note is the high number density of lamellae that

of P1lamellae, which shall correspon@tproportional td grow independently at the same tim&0(and 90 per m2

andt'?, respectively, could be excluded. for 110 and 12€C, respectively). Thus, in the late stage of the
The scaling oV t® suggests that the lamellar growth of growth process, these growing lamellae corepetty in the

P1 follows the mechanism of Ostwald ripeffing.A consumption of the helical segments, leading to the shortage of

conventional Ostwald ripening would normally be observetie less-stable clusters of helical segments. Consequently, the
in the late stage of a dsion-controlled growth process. In a Ostwald ripening is no longer sustainable and/ trersug
collection of particles with a size distribution, large particlesirve deviates from tHé scaling law accordingfgure 4

will grow in the expense of materials from the small particleshows that the slope\&{t)> W(t,)® versug t, is larger

Here, the small particles are less stable than the larger partiébes120°C than that for 110C, indicating the accelerated
because the former has higher surface energy. In our casdaaellar growth at an elevated temperature, which should be
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associated with the higher chain mobility. In this senB4, the determined. Here, the tip width mayer the initial lamellar
lamellar growth in the Gophase from the amorphous state thickness oP1 Intriguingly, we note that this size is just
could be reminiscent of polymer cold crystallization, whichlightly larger than thevalue of 6 nm forP1 We envisage
takes place by bringing the polymer from the amorphous stdtet because thel chains intend to assemble into,Cad
of glass to above the glass transition temperature. quickly as possible, the existing helical segmerigsmilitbe
From the sequential AFM images showFignre @, one  selected atrst*-** With no need of too much conformation
may be already aware of thatRlidamellae become thicker regulation, they car into the lattice on the lamellar growth
and thicker during annealing. Moreover, the lamellae afeont.
tapered from the center to the growth tip. The tapered shape
looks like that of PE lamellae grown in the hexagonal phase, CONCLUSIONS
suggesting that the lateral growth and lamellar thickening oc¢tdr summary, we demonstrate tRdt a dynamic helical
simultaneousfy** The thickening may be achieved either bypoly(phenylacetylene), can form folded chain lamellae in its
longitudinal sliding diision or by conformation adjustment of Col, phase. Direct visualizatiorPdfchains under an atomic
P1 segments in the fold loops and cilia on the lamellar bas@rce microscope reveals many important issues of chain
surface. To measure the lamellar thickhpasofe precisely, folding as extensively studied in polymer crystallization,
we used ex situ AFM images with higher resolidtignré corroborating chain folding as an essential mechanism in the
S11 and 12 Figure % plots thel measured at the lamellar self-assembly of polymers toward the ordered hierarchical
center portion against the logarithm of annealing tim#,(log structures. Our ongoing experiments indicate that, similar to
wherein fairly a linear function can be recognized. In this cagd, other PPAs with alkyl tails attached to the 3,4- or 3,5-
the lamellar thickening BfL di ers from that of PE in the position of the phenyl group via ester linkage could also form
hexagonal phase, wheréncreases linearly witi®** but folded chain lamellae. We suggest that while the helical
rather like that of PE occurred in the orthorhombic pfiase. segments pack into the Gtimellae, the disordered strands
The extended chain lamell@aftannot be attained, probably compose the folds. The lamella@loéxhibit a coupled lateral
due to that soméwrong conformations are unable to be growth and lamellar thickening, with the initial lamellar
adjusted thoroughly and the existence of chain entanglemethickness tightly associated with the persistence length of the
It is interesting to note that the spontaneously occurring laterpblymer. It is also idengid that the lamellar growth follows
growth of lamellae and lamellar thickening present distinct atle kinetics of Ostwald ripening. This may be due to the
independent kinetics, that &, t* andL logt, semirigid P1 forms numerous dense clusters of helical
respectively. This may eet that the diusion process of segments as precursors to they Gilase. When many
Ostwald ripening mainly occurs at the two growing tips of eaddmellae compete with each other, the clusters that hamper the
lamella. On the other hand, the lamellar thickening is a loceftain diusion would make a shortage of materials available for
process associated with the folds and cilia on the lamellar bdggellar growth. We presume that this case may also occur in
surfaces. the cold crystallization of conventional semicrystalline
Similar to that occurred in polymer crystallizafiof the polymers. We hope this work will inspire more research
higher theT, the thicker the lamellaeRiE Fort = 240 min, studies on polymer self-assembly involving chain folding.
the mean values bfat the lamellar center are 21 and 28 nm
for 110 and 120C, respectively; however, at the early stage, ASSOCIATED CONTENT
the di erence between thevalues at these twWgs is just 1 *  Supporting Information
nm (Figure #). This outcome indicates that the thickening The Supporting Information is available free of charge at
process in fact dominates how largk t@® be reachédOn https://pubs.acs.org/doi/10.1021/acs.macromol.1c00818

variougs, we nd that they are roughly constant, which 8re results; CD spectra; 2D XRD pattern and reconstructed
and 9 nm at 110 and 12TC, respectively=(gures %and electron density map; molecular mechanics simulation
S13. For crystalline polymer, the metastable lamellae always  yegylts; GI-XRD pattern; quasi-in situ and ex situ AFM

tend to thicken to reduce the free energy, and thus the initial he|ght images; and Synthesis and molecular character-
lamellar thickness is somewhat hard to be ambiguously jzation DR
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