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For side-chain liquid-crystalline polymers (SCLCPs)

bearing calamitic mesogens, nematic and typical

smectic (Sm) phases are expected. Here, using a

precise polyethylene derivative with the biphenyl

moiety tethered on every ninth carbon (P9,b), we

demonstrated that an SCLCP could form a crystal

(Cr) phase in addition to an Sm phase. Two opposing

interrelations of main- and side-chains determined

the molecular packings. While the side-chain inclined

to be perpendicular to the main-chain in the Sm

phase, they paralleled and coassembled in the Cr

phase with an orthorhombic structure. The Sm phase

of P9,b was new in SCLCPs. Within the mesogen

sublayers, the biphenyls were tilted and had a type of

two-dimensional positional order, making this Sm

phase ordering higher than that of smectic C. The

Sm phase was metastable and kinetically grew faster

below its isotropic temperature. However, it could

not convert to the stable Cr phase unless it transi-

tioned into the melting state. Fantastically, P9,b ren-

dered the lamellar crystal in the Cr phase. The

lenticular lamellae resembled that found in linear

polyethylene crystallized at low undercooling.

Importantly, albeit having the large anisotropic pen-

dants situated regularly in the backbone, P9,b could

follow the principle of chain-folding crystallization.
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Introduction
Typically, biological and synthetic materials are com-

posed of different constituents that are integrated either

chemically or physically, wherein the inherent competing

interactions regulate the structures and dynamics, and

thus, the eventual utilities.1 When calamitic mesogens are

tethered to linear-chain molecules as pendants, the re-

sultant side-chain liquid-crystalline polymers (SCLCPs)

encounter two antagonistic interactions.2,3 Namely, the

linear main-chain tends to be a three-dimensional (3D)

random coil withmaximal entropy; on the other hand, the

mesogenic side-chains favor the anisotropic array with

liquid-crystalline (LC) orders. The balance of these two

aspects could lead to different LC phases, such as the

nematic and smectic (Sm). Numerous SCLCPs are evi-

denced by having flexible spacers inserted between the

calamitic mesogen and the backbone.2–4 Thus, parallel

packing of the mesogens, which are usually aromatic,

could occur, accompanied by the nanosegregation be-

tween the main- and side-chains, resulting in smectic

layered structures with the aliphatic main-chains con-

fined by the mesogen sublayers.5

It is noteworthy that SCLCP is not simply the

“backbone + mesogens.” After being grafted with side-

chains, the main-chain, such as linear polyethylene (PE),

likely to be flexible in its archetype, would have its physi-

cal properties changed conspicuously.6–9 Having been

synthesized from vinyl monomers, the conventional

SCLCPs have their mesogenic side-chains on every sec-

ond carbon of the backbone. With such a high grafting

density, the backbone is inevitably extended due to the

remarkable steric hindrance arising from the densely

arrayed side-chains.10–12 The chain conformation is depen-

dent mainly on the grafting density.13–15 Advanced poly-

mer chemistry endows the accurate placement of the

branching points along the backbone; namely, one could

precisely adjust the spacing between the two adjacent

side-chains, and thus, the grafting density.16–25 Enlarged

side-chain spacing would enable the recovery of at least

part of the backbone flexibility of SCLCPs, thereby

affording more possibilities of hierarchical self-organiza-

tion.18,19,23,26–30 It has been demonstrated that, in addition

to the coil conformation, when side-chain spacing is large

enough, the backbones could even fold to form crystal-

line packing.23,26,28,29 Recently, we found that precisely

placing mesogenic side-chain on every seventh carbon

rather than every second carbon along the PE backbone,

the SCLCP could present a crystal structure with an

order much higher than smectic LCs.31 An important issue

is the ability to control which ordered structures are

probably selected in the transition pathways for the

SCLCP with precise side-chain spacing and which pack-

ing mechanism would play a dominant role at the molec-

ular level.

Herein, we report that the competition between LC

and lamellar crystals could happen in a precise PE deriv-

ative containing a side-chain of calamitic mesogen,

denoted as P9,b in this study (Figure 1a). The biphenyl

side-chain with a butoxy tail, which had a strong tenden-

cy to form smectic packing, was situated on every ninth

carbon. Two contradictory interrelations of the main-

and side-chains could be envisioned for P9,b: the

side-chain was apt to (1) perpendicular and (2) parallel

to the main-chain (Figures 1b and 1c).5,12 In P9,b, the

roughly perpendicular conformation was associated with

a new smectic LC phase (Sm), which had an order higher

than the typical smectic C. In contrast, the parallel con-

formation led to a crystal (Cr) phase with an orthorhom-

bic structure. Commensuration of the side-chain spacing

and the mesogen length could be crucial for the syner-

gistic array of main- and side-chains in the Cr phase,

albeit metastable Sm phase could not convert to the Cr

phase directly (Figure 1d) due to the thoroughly different

side-chain orientations with respect to the backbone.

The existence of Sm and Cr were controlled by transition

kinetics (Figure 1e), and they were dependent on varying

self-assembly mechanisms. Unprecedentedly, although

from a chemical aspect, P9,b is a polymer belonging to

SCLCP, it could grow lamellar crystals with lenticular

shape, extending over a long period (LP; ∼20 nm), and

showed crystallization characteristics of chain-folding.

Figure 1 | (a) Chemical structure of P9,b. (b and c) The

interrelationship between the main- and side-chains. The

side-chains could be prone to perpendicular (b) or paral-

lel (c) to the main-chain. (d and e) Diagrams of free

energy and growth rate versus temperature. Ti and Tm

are the isotropic temperatures of the Sm phase and

melting state of the Cr phase. The metastable Sm phase

could not convert to stable Cr directly, ascribed to its

growth rate being much faster than that of Cr below Ti.

RESEARCH ARTICLE

DOI: 10.31635/ccschem.021.202000614
Corrected Citation: CCS Chem. 2022, 4, 683–692
Previous Citation: CCS Chem. 2021, 3, 763–772
Link toVoR:https://doi.org/10.31635/ccschem.021.202000614

684

https://doi.org/10.31635/ccschem.021.202000614
https://doi.org/10.31635/ccschem.021.202000614


Experimental Methods
We employed acyclic diene metathesis (ADMET)

polymerization, followed by backbone hydrogenation to

synthesize P9,b.17 The synthetic route (Supporting

Information Scheme S1) details and molecular characteri-

zation are provided in the Supporting Information.

Owing to the condensation polymerization mechanism of

ADMET, the crude polymer had a broad range of molecu-

larweight (MW)distribution. To eliminate the effect of low

MWspecies on the phase transition ofP9,b, we performed

MW fractionation by preparative gel permeation chroma-

tography. We employed gel permeation chromatography,

calibrated with polystyrene standards, to measure

the number-average MW of the fractionated P9,b as

2.1 × 104 g mol−1 and a polydispersity of 1.48.

Phase transition behavior of P9,b was investigated

using differential scanning calorimetry (DSC; TA Q1000

with a mechanical refrigerator, New Castle, DE). To iden-

tify the Sm and Cr structures of P9,b, various diffraction

experiments were conducted. One-dimensional (1D),

two-dimensional (2D), and grazing-incidence (GI) X-ray

diffraction (XRD) of the samples were recorded by the

Ganesha system (SAXSLAB, Boston, MA) equippedwith a

semiconductor detector (Pilatus 300 K; DECTRIS, Baden-

Daettwil, Switzerland), using Cu Kα radiation as the X-ray

source (Genix3D Cu ULD; Xenocs, Grenoble, France). To

obtain a well-oriented thin-film sample for the GI-XRD

experiment, a drop of 20 mg/mL toluene solution of P9,b
was spin-cast onto the substrate of a silicon wafer. Elec-

tron diffraction (ED) was performed using a JEOL JEM-

F200 transmission electron microscope (TEM; Tokyo,

Japan). Single crystals of P9,b were first grown on a

carbon-coated surface of a mica sheet and then trans-

ferred to the TEM copper grid.

To inspect the crystalline lamellar morphology of P9,b,
small-angle X-ray scattering (SAXS) was performed

using the Ganesha system. We made direct observation

of P9,b thin films spin-cast on a silicon wafer substrate

using atomic force microscopy (AFM; Dimension Icon,

Bruker Nano, Billerica, MA) at room temperature.

PeakForce tapping mode was applied in the AFM experi-

ments using SCANASYST-AIR probes (tip radius: ∼2 nm;

spring 205 constant: ∼0.4 N/m; frequency: ∼70 kHz).

The samples’ textures and their temperature variations

were examined using a polarized optical microscope

(POM; Nikon LV100N, Tokyo, Japan) equipped with a

Linkam THMSE600 hot stage.

We calculated the relative electron-density distribu-

tion of the Sm phase based on the Fourier transform of

the XRD data obtained experimentally. To simulate the

molecular packing in the Cr phase, molecular mechanics

simulation was performed using Materials Studio soft-

ware package 8.0 (Accelrys Software Inc., San Diego,

CA). A more detailed description of the experiments,

calculation, and simulation could be found in the

Supporting Information.

Results and Discussion
Phase transition behavior

Phase transitions of P9,b were investigated by DSC.

Figure 2a presents the DSC cooling and subsequent heat-

ing traces recorded at various scanning rates. Upon cool-

ing, two nearby exothermic peaks, denoted as I and II,

were observed, with peak II being the major one. Corre-

spondingly, two endotherms (II′ and I′) could be identified

during heating. The large (II′) peak occurred at 86 °C, with

latent heat nearly identical to peak II. On the other hand,

careful examination unveiled a broad and weak endother-

mic process (I′) ranging from 95 to 110 °C, which became

more apparent as the heating ratewas reduced. The phase

transition of P9,b appeared enantiotropic; we assumed

that the degree of ordering increased from I to II. However,

while the onsets of II and II′ were relatively close to each

other, the transition I occurred at the temperature remark-

ably lower than that of I′, namely, undercooling, indeed

existed. Usually, the enantiotropic transition of LC poly-

mers that happens in a cooling process follows an isotro-

pic-LC-crystal sequence, wherein the first step has little

undercooling because the transition between isotropic

melt and LC is close to equilibrium.32 However, as indicated

above, P9,b exhibited a different transition behavior. Fur-

thermore, when the sample was heated slowly (i.e., at

2.5 °C/min), an exothermic process right after peak II′was

sensed, as indicated by the inset in Figure 2a, which

resulted in the latent heat of I′ larger than that of I,

suggesting recrystallization had occurred.

We inferred from the DSC results that the two transi-

tions, I and II, would be independent and associated with

two distinct self-assembly structures. To test the hypoth-

esis, 1D XRD experiments were carried out for the P9,b
samples with varying thermal histories at room temper-

ature. The samples were subjected to either quenching or

normal cooling from the isotropic melt state, which pre-

sented a strong and broad peak centered at q (= 4πsinθ/
λ) of 14.22 nm−1 (d = 0.44 nm) and a relatively sharp one

at q of 15.75 nm−1 (d = 0.40 nm), respectively (Figure 2b).

In the low-angle region, a set of layer diffractions were

detected with the first-order one at q = 2.28 nm−1,

evidencing a layer period of 2.75 nm (Figure 2b). This

indicated that the quenched or typically cooled P9,b
formed the Sm phase. Conversely, a completely different

diffraction profile was attained after P9,b was annealed

above the peak temperature of II′ (86 °C). Figure 2b

shows that the 90 °C-annealed sample presented multi-

ple diffractions in both the low- and high-angle regions,

signifying the Cr phase.

The Sm and Cr phases of P9,b could also be evidenced

using POM. Figures 2c and 2d depict the POM images
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obtained after P9,b, transferred from isotropic melt to 80

and 90 °C, respectively. Fan-shaped texture appeared

immediately at 80 °C (Figure 2c). In contrast, during

isothermal crystallization at 90 °C, spherulite-like crystals

with strong birefringence grew gradually and eventually

impinged together (Figure 2d and Supporting

Information Figure S1). Both Sm and Cr textures could

retain upon cooling down to room temperature. Under

the POM, the birefringence of Sm disappeared when the

temperature exceeded 86 °C (Supporting Information

Figure S2). For Cr, the birefringence started to fade away

upon heating to ∼100 °C and vanished eventually at

110 °C (Supporting Information Figure S3).

The experimental results indicate that the peak tem-

perature of II′ at 86 °C should be taken as the isotropic

temperature (Ti) of the Sm phase. On the other hand, the

temperature of the endotherm I′ is, in fact, the melting

temperature (Tm) of the Cr phase. Above Ti, the Cr could

grow without Sm interference. However, when the

melted P9,b was cooled below Ti, Sm developed much

faster than the Cr. Because the Ti was lower than Tm, the

Sm phase was metastable compared with the Cr phase

(Figure 1d). Nevertheless, the Sm phase did not relax

spontaneously in the Cr phase at temperatures below Ti,

evidenced by the XRD and POM results obtained at room

temperature. These phase transition features of P9,b
could be delineated using free energy diagrams and

growth rate versus temperature, as shown in Figures 1d

and 1e, respectively. We considered that the competition

of Sm and Cr phases existing in P9,b was controlled by

the transition kinetics.

Phase structure identification

We sought to further understand the unique phase be-

havior of P9,b by performing 2D XRD experiments to

elucidate the molecular packing in the Sm and Cr phases.

Shearing the sample at 95 °C, followed by quenching to

room temperature, produced a highly oriented film of the

Sm phase. With an X-ray incident beam oriented perpen-

dicular to the shear direction, the 2D XRD pattern

(Figure 3a and Supporting Information Figure S4)

showed layer diffractions on the meridian (the shear

direction) and high-angle diffraction of 0.40 nm on the

Figure 2 | (a) DSC cooling and subsequent heating traces of P9,b recorded at different scan rates. The inset shows the

enlarged DSC traces of the exothermic process during heating at 2.5 °C/min, wherein the dashed line indicates the

baseline. (b) 1D XRD profiles recorded at room temperature of P9,b samples with different thermal treatments. (c and

d) POM images were recorded after the samples were transferred from 120 to 80 and 90 °C, respectively. For (d), the

isothermal time was 5 h.
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equator. Interestingly, a large peak at 0.44 nmwas tightly

associated with the side-chain packing appearance in the

quadrants, implying that the mesogens were tilted away

from the layer normal. We presumed that the tilting

manner was similar to that of the smectic I or crystal K

phase identified in small molecules.33,34 Thus, the two

diffractions at 0.44 and 0.40 nm could be indexed as

(110) and (020), respectively, of a monoclinic unit cell

with the c-axis along the side-chain. In this case, the tilt

was toward the longer edge of the mesogen-packing

array, and the monoclinic lattice parameters of the Sm

could be determined to be a = 0.61 nm, b = 0.80 nm,

c = 3.18 nm, and β = 120°. Note that the value of asinβ
equaled 0.53 nm, which was identical to the parameter a

determinant for the conventional crystal E phase of bi-

phenyl mesogen,35 implying that there might exist a

herringbone array in the Sm of P9,b. In this context, the

Smphase possessed an order higher than smectic C, with

only short-range positional order within the layer. Never-

theless, we were aware that the diffraction at 0.44 nm

was rather broad, reflecting that the correlation length

along the (110) plane normal was not as long, and there-

fore, the P9,b molecules should still stay in the LC state.

We heated the oriented Sm sample stepwise and in situ

recorded the 2D XRD patterns (Figures 3a and 3b and

Supporting Information Figure S5). To ensure the high

quality of diffraction pattern, at each selected tempera-

ture, the exposure timewas 60min. The Sm structurewas

retained until 85 °C (Figure 3a), afterward a ring pattern

XRD showed up (Figure 3b). The ring pattern’s integral

intensity profile was identical to the powder XRD pattern

of the Cr shown in Figure 2b. It was astonishing that

during the stepwise heating, the original orientation (i.e.,

the layer normal parallel to the shear direction) of the Sm

structure was completely lost. This outcome affirmed

that the Sm and Cr of P9,b did not correlate with each

other in terms of molecular packing. Furthermore, the

thermal 2D XRD experiments confirmed that tempera-

tures below Ti prolonged annealing, thereby hindering

the Sm transfer to Cr.

Since the Cr phase grew reluctantly, the shear-induced

orientation would relax during the isothermal crystalliza-

tion above Ti, so it was challenging to align the Cr phase

mechanically. Fortunately, we found that thin-film crys-

tallization, which could present the 1D confinement ef-

fect,36 could lead to flat-on lamellae of P9,b stacked on

the solid substrate, suitable for GI-XRD measurement.

The thin films were spin-cast on the silicon wafer surface,

followed by isothermal melt crystallization. Figure 3c

depicts the GI-XRD result obtained from the P9,b crystals

grown at 90 °C. The diffraction geometry indicated an

orthorhombic structure (Figure 3c and Supporting

Information Table S1). Assuming the c-axis of the Cr

structure was perpendicular to the substrate, the

low-angle diffractions on the layer lines could be well

indexed (Figure 3c). The three-strong high-angle

diffractions observed in 1DXRD (Figures 2b and 3b) were

the (211), (310), and (020) diffraction, respectively. In this

case, the orthorhombic lattice of a Cr with a = 1.50 nm,

b = 0.81 nm, and c = 2.19 nmwas identified. The structure

determination was confirmed by the selected area, ED,

from a lamellar single crystal, as depicted in Figure 3d.

With the electron beam perpendicular to the lamellar

basal surface, the [001] zone diffraction showed appar-

ent reciprocal lattice of (hk0) plane, with the parameters

of a and b identical to the GI-XRD result.

Molecular packing schemes

The Sm and Cr phases of P9,b might have dramatically

different molecular packings. As mentioned earlier, we

presumed that they were associated with the various

interrelations of main- and side-chains. For the Sm struc-

ture with a layer period thickness of 2.75 nm, we calcu-

lated the electron-density distribution along the smectic

layer normal using the layer diffractions observed in XRD,

which showed clearly a nanosegregation structure

(Figure 4a and Supporting Information Figure S6). It is

conceivable that the parallel packing of biphenyl

Figure 3 | 2D XRD patterns of sheared P9,b recorded at

(a) 85 and (b) 95 °C upon heating. (c) GI-XRD pattern of

P9,b thin film on the silicon wafer substrate after isother-

mal crystallization at 90 °C. The dashed arrow indicates

the direction perpendicular to the substrate. (d) [001]

zone ED pattern of a lamellar single crystal of P9,b. The
inset shows the lamellar single crystal in the selected area

of ED.
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moieties would result in the densest region, which could

contribute to the major peak shown in the electron-

density distribution. We noticed that the length of

∼0.9 nm of the 30°-tilted rod-like mesogen projected on

the smectic layer normal (Figure 4b), and this dimension

could be found as the bottomwidth of themajor electron

density peak indicated in Figure 4a. This coincidence

suggested an interdigitated packing of the mesogens in

the Sm of P9,b, as schematically shown in Figure 4b.

The lower electron density regions on both sides of the

major peak should be associated with the rest of the

components of P9,b, wherein a minor electron density

peak was observed. We considered that the minor peak

corresponded to the location of the main-chains, includ-

ing the ester groups. In this case, it could be concluded

that the nanosegregation between the main- and

side-chains led to the main-chains being highly com-

pressed in a narrow space with ∼1 nm or even smaller

thickness.

Notably, the P9,b backbone possessed eight methy-

lene units between the two adjacent side-chains

(Figure 1a). To adapt to the confined space and submit

to the biphenyl packing based on π–π interaction, the

methylene segment had to be curled, and the P9,b
main-chain became an oblate random coil. In this circum-

stance, the main-chain and biphenyl tended to be or-

thogonal with each other (Figure 1b). Compared with

conventional SCLCPs based on vinyl monomer, P9,b
possessed the seven more methylene units inserted in

the backbone, which would demand more space. Tilting

and interdigitation of the mesogens could provide an

enlarged interfacial area for each side-chain, aiding the

main-chain to be accommodated without overcrowding.

Compared with the Sm phase, the chain conformation

changed thoroughly when the P9,b molecules crystal-

lized. We noticed that P9,b presented an XRD pattern

with the same geometry and extinction rule as another

precise side-chain LC PE (P7,m; Supporting Information

Figure S7a) we reported recently, which had a side-chain

on every seventh carbon and contained methoxybiphe-

nyl rather than butyloxybiphenyl as the mesogenic moi-

ety.31 With the regular grafting structure, P7,m could form

a crystalline phase based on coassembly of themain- and

side-chains, presenting the 3D positional order.

Figure 4 | (a) 1D electron-density distribution along the smectic layer normal and (b) schematic of interdigitated and

titled side-chain packing of P9,b in the Sm phase. To seek clarity, only the twomethylene units on the backbone, which

are adjacent to the side-chain, are shown in (b). (c and d) Molecular packing in the orthorhombic unit cell of the Cr

phase viewed along b- and c-axes, respectively. In (d), the (110) and (11̄0) planes are indicated, showing the intersection

angle of 56°. Color codes in (b–d): yellow, main-chain; red, oxygen; grey, spacer and tail; blue, biphenyl.
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According to the XRD results, P9,b should have the same

structure. We proposed that the main- and side-chains

are parallel in the Cr structure. As shown in Figure 1c, P9,b
could adopt a parallel conformation, realized by properly

rotating the ester group and the flexible spacer on the

side-chains. This spatial arrangement of the main-

and side-chains led to the building block of the crystal

structure. It is worth mentioning that the extended

length of the repeating unit on the backbone matched

well with the mesogen length, both of which were ∼1 nm.

This commensuration could facilitate the main- and

side-chains to search for a way of close packing.

Based on density measurement, we determined that

the unit cell of the Cr of P9,b contained four repeating

units. As the c-axis of 2.19 nm approached the extended

backbone length of two repeating units (2.26 nm), two

chains could be seen in the unit cell. With the aid of

molecular simulation, the possible molecular packing of

P9,b in the Cr structure with the symmetry of Pnn2 was

described (Figures 4c and 4d). The simulated XRDprofile

agreed quitewell with the experimental data (Supporting

Information Figure S7b). Interestingly, it is apparent that

in the crystal lattice, two biphenyl groups could form a

“pair” based on π–π interaction. Meanwhile, the PE back-

bone threaded through the vacancy surrounded by four

biphenyl “pairs” and paralleled with the biphenyl

(Figure 4d). Apparently, such a packing scheme did not

maximize the π–π interaction; nevertheless, it was com-

pensated by lowering the energy when the PE backbone

assumed nearly all-trans conformation. Due to the ester

linkages, spacers, and tail groups could have a certain

degree of rotational freedom, the Cr phase had some

intrinsic disorders and should be better viewed as a soft

crystal.

Lamellar crystal morphology and
crystallization behavior

From a chemistry perspective, P9,b is a typical SCLCP. Of

particular interest is what the crystal habits of P9,b will

show up. The thin-film morphology was inspected using

AFM. For comparison, we also examined the thin film of

Sm phase on the silicon wafer substrate. After the

spin-cast film was quenched from melting state to

80 °C, the AFM result showed that the substrate was

covered by irregular entities, many of which were

belt-like with a width of ∼50 nm (Figure 5a). GI-XRD

experiment approved that these entities were the Sm

domains of which the layer normal was inclined to be

approximately perpendicular to the substrate

(Supporting Information Figure S8). Unexpectedly,

thin-film crystallization of P9,b could result in a

well-defined lamellar morphology. The crystallization

temperature (Tc) was selected to be higher than Ti be-

cause below Ti, Sm grew so fast that it disturbed and even

suppressed the crystallization of P9,b. AFM experiments

unveiled the flat-on lamellae with lenticular shape

(Figures 5b and 5c and Supporting Information Figure

S9).37–40 The lamellar stack could be induced by screw

dislocation. The ED and the corresponding TEM results

indicated that the short and long axes of the lenticular

lamella were along the a- and b-axes of the orthorhombic

lattice, respectively (Figure 3d and the inset). Compared

with thatgrownat90°C, the lamellae showeda larger axial

ratio ofb/awhen theTcwas increased to94 °C (Figures 5b

and 5c). In some areas, the (110) planes could be identified

at the lamellar growth tip (Figure 5d).40 This observation

was highly reminiscent of linear PE single crystals, which

were lenticular-shaped, grown from the melt state at low

undercooling.37,39,40Therefore,despiteP9,bhavingachem-

ical structure much more complex than linear PE, they

could share some common crystallization habits.

Wemeasured themelting behavior right after P9,bwas

crystallized at varying Tcs by DSC heating scan

(Supporting Information Figure S10). Figure 6a depicts

the DSC results of the samples subjected to prolonged

isothermal time. Doublemelting was detected for the low

Tcs. The small second melting should be mainly due to

the occurrence of crystal perfection during heating,

which became smaller with increasing Tc and disap-

peared when the Tc exceeded 92 °C. Long-term isother-

mal crystallization at Tcs of 88 ∼92 °C led to the heat of

fusion (ΔHm) of 17.58 ± 0.02 kJ mol−1. Assuming that this

ΔHm value was reached by complete crystallization, we

estimated that the relative crystallinities, based on the

ΔHms, were measured after the sample was isothermally

Figure 5 | AFM images of P9,b thin films on the substrate

of the siliconwafer. (a) The Smphase; (b–d) The lenticular

lamellar crystals. In (d), the tip of a lenticular lamella

presents an angle of 56°, identical to the angle between

(110) and (11̄0) indicated in Figure 4d.
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crystallized at varying times. A plot of relative crystallini-

ty as a function of time (Figure 6c) described that the

crystal growth rate reduced with increasing Tc. While the

formation of the Sm phase occurred in seconds, at

Tc = 88 °C, just 2 °C higher than Ti, sufficient crystalliza-

tion temperature of P9,b of 10 or more hours was re-

quired. The remarkably slow kinetics reflected the

difficulty of the coassembly of main- and side-chains.

Intuitively, when the flexible aliphatic parts and the ani-

sotropic aromatic parts aligned parallel and fit into the

crystal lattice, the correct conformation could only be

attained after many attempts. In this case, a higher nu-

cleation barrier existed.

We performed SAXS experiments on the isothermally

crystallized samples at room temperature (Figure 6b).

The lamellar LPs measured by SAXS (Figure 6d) were

close to that observed in the AFM experiments

(Supporting Information Figure S11). The higher the Tc,

the more perfect the lamellar stacking became, evi-

denced by a narrow scattering peak and distinctive

second-order scattering (Figure 6b). For the polymers

reported with precisely placed pendant groups, the la-

mellar periods were usually nearly identical to the ex-

tended length of the repeating unit, which was

commonly a few nanometers.26,29 The lamellae of P9,b

exhibited a much longer LP that could surpass 20 nm;

that is, the LP of P9,b lamellae is almost 20 times that of

the extended, repeating unit length. This suggested that

the P9,b lamellar crystal could be formed by parallel

packing of the chain stems. For P9,b, the elevating Tc

led to the increment of LP and Tm (Figure 6d), which was

the same as that found in conventional semicrystalline

polymers. We assumed that if the Hoffman–Weeks plot

applied to P9,b,41 the linear line of Tmversus Tc would lead

to an equilibrium of Tm equal to 131.5 °C. Besides, all

experimental outcomes suggested that crystallization of

P9,b should follow the principle of chain-folding.41,42 Thus,

from the XRD results, it was estimated that sufficient

crystallization of P9,b could lead the crystallinity to reach

∼60% (Supporting Information Figure S12 and Table S2).

Considering the lenticular lamellae were well developed,

the noncrystalline part should be associated mainly with

the chain folds. The detail of the fold surface is unclear at

this stage and is under investigation in our lab.

Conclusion
We have demonstrated that P9,b, a precise PE derivative

with butyloxybiphenyl side-chains on every ninth carbon,

Figure 6 | (a) DSC heating traces and (b) SAXS profiles of P9,b after crystallization at various Tcs for long isothermal

times. (c) Relative crystallinity as a function of the isothermal crystallization time. (d) Tm and long period (LP) of P9,b
lamellae as functions of Tc.
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could form either an Sm or Cr phase, depending on the

transition kinetics. In the Sm, the side-chains of P9,bwere

tilted, with the molecular packing order higher than

that of smectic C. On the contrary, like that found in

conventional SCLCPs, Sm formation was driven by the

anisotropic interaction of biphenyls coupled with nano-

segregation of main- and side-chains. At a temperature

lower than Ti, this process took place relatively fast. The

Sm phase was metastable; however, it was not the pre-

order of the stable phase of Cr. This was attributable to

the interrelationship between main- and side-chains in

the Sm phase, which was mostly perpendicular; thus, it

could not switch to the parallel one in the Cr phase unless

it had gone through the isotropic state.43 The synergisti-

cally parallel array of main- and side-chains in the Cr

structure relied primarily onmatching side-chain spacing

and themesogen length.Wepresumed that adjusting the

chain from the coil to the correct parallel conformation

needed time, which slowed down the nucleation and

crystal growth. Intriguingly, the P9,b crystal was a

lenticular-shaped lamella, resulting from chain-folding

crystallization. Why and how the PE derivatives bearing

bulky and anisotropic pendants could fold and

self-assemble further into lamellar crystals are unknown

at this moment. Furthermore, it is interesting to ask

whether other precise side-chain LC polymers with differ-

ent side-chain spacings could exhibit the crystallization

behavior similar to P9,b. Answering these challenging

questions would require an in-depth investigation to wid-

en our understanding of polymer crystallizationwith char-

acteristic chain-folding capabilities. We further envision

that this unique polymer crystal type could be fabricated

into advanced materials, particularly when more light- or

electric-responsive mesogens are employed.

Supporting Information
Supporting Information is available and includes detailed

synthesis and molecular characterization, and additional

experimental data of phase transitions, structures, and

morphologies.
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