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The chain-folding mechanism and structure of semicrystalline polymers have long been controversial.
Solid-state (SS) NMR was applied to determine the chain trajectory of *C CHj-labeled isotactic poly(1-
butene) (iPB1) in form III chiral single crystals blended with nonlabeled iPB1 crystallized in dilute solu-
tions under low supercooling. An advanced *C-">C double-quantum NMR technique probing the
spatial proximity pattern of labeled "*C nuclei revealed that the chains adopt a three-dimensional (3D)
conformation in single crystals. The determined results indicate a two-step crystallization process of 1)
cluster formation via self-folding in the precrystallization stage and ii) deposition of the nanoclusters as a

building block at the growth front in single crystals.

PACS number: 87.15.nt, 36.20.-r, 61.05.Qr, 82.56.Fk

The crystallization of polymers and small molecules is commonly described in terms of nucleation
and growth [1], in which primary nucleation produces three-dimensional (3D) nuclei to minimize surface
free energy and subsequent secondary nucleation and growth on the existing crystals dominate the crystal-
lization process. Chain folding in polymer crystals leads to complexity in the crystallization process and
has thus motivated theoretical and experimental studies over the last half-century.

The well-developed Lauritzen and Hoffman (LH) theory describes secondary nucleation and growth
as sequential stem deposition on the growth front driven by kinetics [2, 3]. The LH theory predicts that
sufficiently low supercooling leads to a well-ordered linear arrangement of the folded chains (2D confor-
mation) on the growth front, as illustrated in route (a) of FIG. 1. Conversely, Allegra et al. have turned
their attention to a metastable bundle structure (3D conformation) in which 4-20 stems aggregate during a
precrystallization stage in dilute solutions [4]. Muthukumar et al. simulated the generation of nuclei by
single chains via self-folding in dilute solutions [5-7]. Based on the bundle formation, we considered en-
tire molecules or portions of molecules form preordered objects with 3D structures at an early stage and
are subsequently deposited at the growth front during later stages. (route (b) in FIG. 1). Thus, surface-
induced folding and self-folding lead to substantially different conformations (2D as opposed to 3D) for

the folded chains in solution-grown crystals.



Over the past several decades, various experimental techniques such as neutron scattering (NS) [8, 9],
infrared spectroscopy (IR) [10], decoration approach [11], and atomic force microscopy (AFM) [12-14]
have been developed and used to characterize the chain-folding (CF) structure of polymers in melt- and
solution-grown crystals. Nevertheless, detailed CF structures remain a matter of debate because of expe-
rimental limitations. In particular, the determination of conformation of folded chains provides critical
clue for crystallization process at the molecular levels.

Solid-state NMR (SS-NMR) is a sophisticated technique for the structural and dynamic analysis of
inorganic materials and organic molecules [15-21]. Among the various magnetic interactions, dipolar inte-
ractions, which are inversely proportional to the third power of the internuclear distance, have been suc-
cessfully used to determine the local conformation and packing of polymers [15] and peptides [16, 17],
intermolecular interactions of self-assembly systems [18] and 3D structure of peptides [19] and proteins
[20]. Recently, we proposed a strategy to investigate detailed CF structures in which the adjacent re-entry
sites, successive adjacent re-entry number <n>, and adjacent re-entry fraction <F> are obtained from the
analysis of °C-">C double-quantum (DQ) buildup curves [21]. Such data is sensitive to the spatial ar-
rangement of °C labels, and detailed information on the chain folding is obtained by comparison with
data simulated on the basis of different models. This strategy was applied to °C CHs-labeled isotactic
poly(1-butene) (iPB1) form I (M,, = 37 K g/mol) in solution-grown crystals as a function of crystallization
temperature (7). Consequently, the iPB1 chains were observed to adopt adjacent re-entry patterns with
<n> > 8 along (100) and (010) (zigzag pattern) under both low and high supercooling, whereas the crystal
habits were highly dependent on 7¢: high T, induced hexagonal single crystals, whereas low T resulted in
circular crystals [22, 23]. These findings clearly indicate that kinetics differentially affect crystalline
structures at different length scales. The 7. independence of the CF structure contradicts the kinetic theory
hypothesis [2] and instead supports the existence of preordered objects such as bundles or clusters prior to
crystal growth. Nevertheless, the possible formation of surface-induced 2D clusters could not be dis-
proved because the linear zigzag CF pattern generated a single DQ curve similar to that of the 3D cluster.
However, the 2D and 3D conformations of the folded labeled chains in form III of ;PB1 lead to characte-
ristically different DQ data detected at different crystallographic sites. Therefore, an evaluation of the
site-resolved NMR data would allow us to identify the conformations of the folded chains.

In this work, we aimed to elucidate the conformation of folded polymer chains in single crystals as
well as to improve our understanding of polymer crystallization at the molecular level. The chiral form III
of iPB1 with the same M,, as that used in our former work was chosen among various systems [23]. The
asymmetric chiral packing structure of form III generates two magnetically inequivalent sites in each stem
[24, 25]. Dipolar interactions at the two inequivalent sites allowed us to investigate the conformation of

the folded chains.



AFM demonstrated that the form III single crystal assumes a scrolled-tube morphology, as shown in
FIG. 2(a), and the measured crystal thickness of a single layer was approximately 8.5 nm (FIG. S1(a),(b)).

The measured thickness and average M,, indicated a maximum folding number <n,,,> of 13.
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FIG. 1. Schematic of polymer crystallization. (a) One-step: subsequent stem deposition on the surface of
existing crystals. (b) Two-step: cluster formation via folding during the precrystallization stage and depo-

sition of the clusters on the crystal surface. The *C-labeled chains and atoms are colored blue and red,

respectively.

The relaxation-filter technique (7',u: 'H spin-lattice relaxation in the rotating frame) was used to suppress
the amorphous signals (FIG. S2). The "C filtered single-quantum (SQ) and DQ CPMAS NMR spectra of
C CH;-labeled iPB1 form III single crystals are presented in FIG. 2(b) [26]. FIG. 2(c) and (d) show the
orthorhombic unit-cell structure of form III, with lattice dimensions of @ = 12.38 + 0.08, b = 8.88 £+ 0.06,
and ¢ = 7.56 £ 0.05 A, with individual chains adopting a 4, helical conformation [27]. FIG. 2(e) depicts
the *C-"C DQ efficiency (&) of *C-labeled CH; groups as a function of z.,. The maximum DQ efficiency
(Enax) Values at 15.1 and 14.2 ppm were 25 and 27%, respectively. DQ curves are determined by *C-"*C
dipolar interactions, which are governed by the "*C atomic coordinates and spin-relaxation process (75) at
the two inequivalent sites (4 and B).

To simulate DQ buildup curves at the two sites illustrated in FIG. 2(c) and (d), 13-spin systems, in-
cluding one reference carbon plus the 12 closest surrounding atoms at distances less than 7.0 A, were
considered. A 35% labeling ratio of the methyl group produced statistically different spin systems, which
were related to the interacting spin number, spin topology, and internuclear distance among the 13 sites,
resulting in different buildup curves (FIG. S3). The detailed calculation steps are described in the supple-
mentary material. The DQ curves at two sites calculated on the basis of the XRD results [27] induced
slightly slower buildup than the experimental curves (FIG. S4(c)). Thus, all of the coordinates were re-
vised by shrinking the atomic coordinates along all axes by approximately 5%. As a result, the DQ buil-

dup curves simulated using the shortest internuclear distance of 3.8 A and an exponential 7, value of 8.2



and 8.0 ms at the A and B sites, respectively, reproduced the experimental results at both sites (FIG. 2(e)).

From the best-fit curves, the signals at 14.2 and 15.1 ppm were assigned to the 4 and B sites, respectively.
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FIG. 2. (a) AFM amplitude error image of iPB1 form III crystallized at 50°C. (b) °C T’ 1pu-filtered DQ
(green) and SQ (black) spectrum of 35% "*C-labeled iPB1 form III measured at -20°C. Chain-packing
structure of iPB1 form III on the (001) plane and *CH;-">CHj internuclear distances at (c) the B and (d) 4
sites colored blue and red, respectively. The unit for all distances is A. The numbers in parentheses indi-
cate the distance between the overlapping carbons with different z-coordinates on the (001) plane. (¢) Ex-
perimental (open circles) & curves of 35% *C-labeled iPB1 form III at -20 °C and simulation curves (sol-
id lines) with the shortest *C-">C internuclear distances of 3.8 A between the neighboring stems at both
the 4 (red) and B sites (blue) and exponential 7, values of 8.2 and 8.0 ms, respectively. (f) 2D DQ/SQ
NMR spectrum of 35% BC-labeled iPB1 with 7o = 7.06 ms at -20 °C.

Two different explanations can account for the distance differences between the XRD and NMR re-
sults. One explanation involves imperfections in the NMR experiment, and the other involves inaccura-
cies in the XRD analysis. In fact, the packing structure for the well-known a-form of isotactic
poly(propylene) has been investigated by several groups. Natta et al. [28] reported that the shortest inters-
tem CH; carbon-carbon distance was 4.2 A, and this distance was later revised to 4.0 [29] and 3.8 A [30].



Even XRD studies have reported differences in the interstem carbon-carbon distances in the range of 0.2-

0.4 A.
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FIG. 3. Various CF models as 2D clusters and the corresponding simulated DQ NMR of iPB1 form III at
T. = 50°C: (a) CFO0, (b) CFA, (c) CFB, and (¢c) CFAB models. The red (4 site) and blue (B site) solid
curves are the calculated results of (a) CF0 and are based on <n> = 13 and (b) CFA with <Fcgs> = 100%,
(c) CFB with <Fpg> = 100%, and (d) CFAB with <Fcgg> = 90% under the assumption of CF0 contribut-
ing to DQ efficiency as the remaining fraction 100 - <F>%. The red (4 site) and blue (B site) open circles
are the experimental DQ buildup curves of *C-labeled iPB1 chains blended with nonlabeled chains (1/9).

The spin networks at the 4 and B sites can also be confirmed by 2D "C-""C DQ/SQ NMR spectra
correlations (FIG. 2(f)), in which DQ correlations of identical and different chemical shifts lead to di-
agonal and off-diagonal peaks, respectively. Thus, the obtained two off-diagonal and two diagonal peaks
correspond to the AB (BA) and the A4 and BB correlations, respectively. The 2D peak volume ratios of
AA:AB:BA:BB are 19:34:34:13. The relatively high volumes of the AB (BA) correlations are attributed to
the first to the third closest distances at both sites. The fourth closest distances at the 4 (4.3 A) and B sites
(4.7 A) arise from the interstem A4 and BB correlations, respectively (see FIG. 2(c) and (d)). These dif-
ferences result in an A4 peak volume that is larger than the BB volume and can also generate distinct dif-

ferences in the DQ buildup curves between the 4 and B sites, as shown in FIG. 2(e). The refined atomic



coordinates of the CH; group, internuclear distances (FIG. 2(¢) and (d)), and 73 values were further used
to analyze the chain trajectory of the isolated '*C-labeled chains in the single crystals.

In the case of *C-labeled chains blended with nonlabeled chains, the compositional dependence of the
DQ buildup curves confirmed that the individual *C-labeled chains were mixed with nonlabeled chains at
stem levels (FIG. S5). The blend including 10 wt% labeled sample was used for the chain trajectory anal-
ysis. The experimental DQ buildup curves are displayed as red (4 site) and blue (B site) open circles in
FIG. 3(a)-(d). Interestingly, the A site results (&= 16% at = 7.06 ms) were almost consistent with those
of the B site. Under the assumption that secondary nucleation dominates the CF process, four plausible
CF models with different spin interactions were initially constructed without any morphological con-
straint on the folding directions. We designated these models as an isolated chain (CF0), a chain-folding
A model (CFA) along (100), a CFB along (010), and a CFAB along (110). We compared the overall DQ
curves at the two sites with the simulated curves based on each CF model. Notably, the *C-"*C DQ simu-
lated results for all chain trajectories included statistical interchain effects.

The isolated stem generated only internuclear interactions within the same stem, including the maxi-
mum 3 spins at distances less than 7.0 A, whereas statistical interchain effects dominated buildup curves
lower than the experimental ones shown in FIG. 3(a). The detailed spin combinations for all of the models
are displayed in FIG. S6. In the different CF models, the re-entrance sites, as well as the <n> and <F>
values, significantly influenced DQ efficiency, with the greater heights of the calculated buildup curves at
either 4 or B adjusted to the same levels as the experimental curve by changing the <F> value. When <F>
does not equal 100%, the remainder of the fraction is assumed to result from the isolated stem structures.

In the CFA model, the calculated buildup curve at the 4 site assuming <F> = 100% and <#n> = 13 pos-
sessed a similar height compared to the experimental data but generated a slower buildup curve. In addi-
tion, a large difference was observed between the experimental and calculated curves for the B site. For
the CFB model, both sites produced much lower buildup curves than the experimental results. Thus, we
easily rejected these two models. In the CFAB model, the CF direction was parallel to the growth face of
the single crystals. This structure is believed to be the relevant CF structure in form III single crystals [31].
Under the assumption of <F> = 90% and <n> = 13, the calculated curve at the B site was close to the ex-
perimental data. However, the calculated curve at the 4 site was evidently lower than the experimental
result. Similarly, an insufficient spin network at the 4 site was also confirmed by the 2D DQ/SQ NMR
spectrum shown in FIG. 4(a). The peak volume ratios of A4:4B:BA:BB were observed to be 14:36:36:14.
The “C-"C shortest internuclear distance between the A4 sites was 6.2 A. This longer distance did not
result in the same peak volume as the BB correlation, which exhibited a shortest internuclear distance of
4.7 A (FIG. S6). The observed diagonal peak areas, as well as the DQ buildup curves, at both sites refuted

the CFAB model in a single layer as a proper structure.
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FIG. 4. (a) 2D DQ/SQ NMR spectrum of *C-labeled iPB1 blended with nonlabeled chains (1/9) with 7.,
= 7.06 ms; (b) and (c) show cluster models and DQ buildup curves of 10 wt% "*C-labeled iPB1 blend in
single crystals at 7. = 50 °C. The red (4 site) and blue (B site) open circles are the experimental curves.
The red (4 site) and blue (B site) solid lines were calculated on the basis of (b) <F>=70% and <nge,,>=9
and (c) <F> =70% and <nge,>= 14. (d) 2D molecular views of the <ng.,,> =9 and 14 cluster models. (¢)
Mixture model of 2D (CFAB with <F> = 15% and <n>= 13) and 3D (<F> = 55% and <nge,>= 12, 3
layers) clusters, including CFO with <F> = 30%. The illustration represents a 2D and a 3D cluster.

None of the linear models tested here could reproduce the experimental data, although CFAB repro-
duced the experimental results more closely than the other two models. To achieve the same ¢ values at
the 4 and B sites, similar spin networks at both sites such as those in the chain-packing of *C-labeled
homopolymers are necessary. Thereby, several 3D stem clusters generated via chain-folding along (110)
and were further tested. The cluster consisting of four stems demonstrated that the calculated DQ
buildup curve at the 4 site was insufficient. For the cluster with nine stems in three layers, as shown in
FIG. 4(b), the calculated curve at the A site exhibited intensities almost completely consistent with those
of the B site, and <F> = 70% was able to successfully reproduce the experimental data at both sites. In
addition, fourteen stems in two layers and twelve stems in three layers reproduced the experimental data
when the <F> value was adjusted to 70 and 65%, respectively. The former result is shown in FIG. 4(c).
These results indicate that 3D cluster models including nine to fourteen stems reproduced the experimen-
tal DQ buildup curves at both sites.

In recent molecular dynamics simulations [5-7], single chains were predicted to induce self-folding
without a growth front, with the folded clusters further aggregating with each other in dilute solutions. In
the latter case, the chains at the vicinity of the crystal surface were also reeled in, and CF events on the
growth front were simultaneously observed. Thus, we considered the simultaneous deposition of the indi-

vidual chains and 3D clusters. Assuming the deposition of both chains and clusters on the growth front
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along (110), mixed models of 2D (CFAB) and 3D clusters composed of whole or partially folded chains
finally tested. Several combinations of clusters with slightly different <n> and <F> values might be poss-
ible. One mixed model with a 2D CFAB cluster (<F> = 15% and <n> = 13) and 3D clusters of 3 layers
(<F> = 55% and <nge,>= 12) reproduced the experimental data, as shown in FIG. 4(e). The insufficient
resolution of the DQ buildup curves was unable to distinguish the 3D cluster models from the mixed
models. Nevertheless, the important finding is that the 3D cluster is the dominant structure in both models.
The determined conformation for the folded chains in this study contradicts the secondary nucleation hy-
pothesis. Hence, the self-folding of the chains in the precrystallization stage can be reasonably concluded
to be the initial step. The clusters are subsequently deposited on the growth front (FIG. 1(b)). Further ki-
netic effects on the CF structure may be of interest. Structural differences were not detected, even under
rapid quenching to 0 °C (see FIG. S7); this result is consistent with the results of our former work on /PB1
form I [22].

In summary, spatial proximities between *C label positions as detected by DQ NMR at mul-
tiple sites proved the 3D conformation of the folded chains in form III single crystals, which supports the
hypothesis that crystallization is dominated by two-step mechanisms involving the formations of 3D clus-
ters via self-folding and their deposition on the growth front. The proposed crystallization mechanism is

consistent with theoretical bundle [4] and aggregation models [5].
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