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ABSTRACT: Despite tremendous efforts over the last half-century to elucidate
the chain-folding (CF) structure of semicrystalline polymers, the re-entrance sites
of folded chains, the successive CF number n, and the adjacent re-entry fraction F
have not been well characterized due to experimental limitations. In this report,
13C−13C double-quantum (DQ) NMR was used to determine for the first time the
detailed CF structure of 13C CH3-labeled isotactic poly(1-butene) (iPB1) in
solution-grown crystals blended with nonlabeled iPB1 across a wide range of
crystallization temperatures (Tcs). Comparison of the results of DQ experiments
and spin dynamics simulations demonstrated that the majority of individual chains
possess completely adjacent re-entry structures at both Tc = 60 and ∼0 °C, as well
as indicated that a low polymer concentration, not kinetics, leads to cluster formations of single molecules in dilute solution. The
changes in crystal habits from hexagonal shapes at Tc = 60 °C to rounded shapes at ∼0 °C (kinetic roughness) are reasonably
explained in terms of kinetically driven depositions of single molecule clusters on the growth front.

Polymer crystallization involves structural changes from
random coils in the melt and solution states to folded

chains with a typical thickness of about 5−20 nm in the bulk
and single crystals, respectively. The crystallization of polymers
driven by kinetics yields unique features in terms of crystal
habits, lamellar thickness, and crystallinity, among other
characteristics.1−4 Figure 1A,B shows transmission electron

microscopy (TEM) images of iPB1 single crystals, respectively,
formed at Tc = 60 (spiral crystals) and ∼0 °C. At Tc = 60 °C,
the crystals show well-defined hexagonal crystals having a flat
growth front at a side-plane length of about 2−3 μm and the
crystal thickness was determined to be about 6.5 nm by atomic
force microscopy (AFM; Figure S1), whereas rapid quenching
at Tc = ∼0 °C results in kinetically rounded crystals.4

The individual chain trajectory in solid crystals records the
structural changes that occur during the crystallization process
at different Tcs. Thereby, theoretical and experimental studies
have focused on understanding the CF process and structure
under different supercooling conditions.5−17 According to

Lauritzen−Hoffman (LH) theory,5,6 the crystallization process
is dominated by sequential stem deposition on the growth
front. The competition between the secondary nucleation rate
(i) and the growth rate (g) defines different regimes. Wide
supercooling conditions are expected to lead to largely different
CF structures. Conversely, Allegra et al. proposed a bundle
model in which aggregates of 10−20 stems are produced by
folding in the prestage of crystallization.7 Muthukumar et al.
developed an anisotropic aggregation model in which individual
molecules generate folded structures in dilute solution in the
prestage of crystallization.8 It is suggested that depositions of
clusters of folded and superfolded chains determine the
resultant morphology. Various experimental approaches,
including neutron scattering (NS),9−12 IR,13 surface decora-
tion,14 direct observation,15,16 and force detection17 of single
molecules using AFM have been developed in the last four
decades to identify CF structures in bulk as well as in single
crystals. However, the quantitative analysis of the re-entrance
sites of folded chains, n, and F in real polymer crystals remains
challenging. Here, F is defined as (∑i=1

l (ni + 1))/N, where l is
the number of clusters consisting of adjacent re-entry structures
per chain, ni is the successive folding number of the ith cluster,
and N is the number of all stems per chain. ⟨n⟩ is the mean
successive CF number in l clusters (Figure S2).
Solid-state (SS) NMR is an excellent characterization tool for

determining the three-dimensional structures of biomacromo-
lecules18 and small molecules,19 as well as the local
conformations of synthetic polymers.20 Recently, we proposed
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Figure 1. TEM images of iPB1 hexagonal and round single crystals
crystallized at (A) Tc = 60 °C and (B) = ∼0 °C, respectively.
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a new strategy for characterizing the re-entrance sites of folded
chains, ⟨n⟩ , and F of synthetic polymers in bulk crystals using
selective 13C labeling and 13C−13C double-quantum (DQ)
NMR.21 DQ NMR relies on the 13C−13C dipolar coupling
strength, which is inversely proportional to the third power of
the internuclei distance r,22 as well as the interacting spin
numbers and the topology. In this work, we investigate detailed
CF structures of 13C 35% CH3-labeled iPB1 (Mw = 37002 g/
mol) solution-grown crystals blended with nonlabeled iPB1
(Mw = 36153 g/mol) generated by slow and rapid
crystallization using DQ NMR. Based on the crystal thickness
andMw, we estimated the maximum CF number, nmax, to be 21.
The effects of kinetics and polymer concentration on CF
structures and the relationship between morphology and CF
structures were determined.
Figure 2A shows the relaxation-filtered (T1ρH:

1H spin−
lattice relaxation in the rotating frame), 13C single-quantum

(SQ), and DQ NMR spectra of 13C CH3-labeled iPB1 form I
single crystals with an excitation time (τex) of 5.88 ms at
ambient temperature. Figure 2C shows the DQ efficiency ξ of
13C-labeled iPB1 form I at Tc = 60 °C (open black circles) and
∼0 °C (greens) as a function of τex. The apparent ξ can be
described by ξ(τeq) = a(τeq) exp(−τeq/T2),

23 where the a(τeq)
term is the pure DQ efficiency based on the interacting spin
numbers, spin topologies, and distances in the 13C spin systems
and T2 is the incoherent relaxation. In principle, the apparent
T2 value includes unwanted contributions from chemical shift
anisotropy, insufficient decoupling, rf., imperfection, and long-
range dipolar interactions at lengths >7 Å that are not treated in

the simulations. The packing structure of iPB1 form I24 is
depicted in Figure 2A, where the colored CH3 carbons indicate
those labeled with 13C. Initially, the atomic coordinates
reported in the literature24 were used for the DQ build-up
calculations. The model system consisted of a reference methyl
carbon (colored red) plus the 10 closest surrounding carbons
(8 interstem and 2 intrastem) at a distance of less than 6.4 Å
(Figure 2A,B).21 The 35% labeling ratio of methyl groups
statistically produced different spin systems (number, distance,
and topology) among the 11 sites, resulting in different build-
up curves.
In these m spin systems, a(τeq) is expressed as a(τeq) =

(Σwm−j·qm−j(τeq))Pm, where qm−j(τeq) is an individual simulated
curve for m spin systems (Figure S3), j is the spin topology of a
given m spin system, and wm−j is the probability of a given m
spin system with spin topology j (Σiwm−j = 1). Parameter Pm
represents the probability of finding m spins among the 11 sites
and is calculated using the equations Pm = 10Cm−1(x)

m−1(1 −
x)10−(m−1) and Σm=2

11 P = 1, where 10Cm−1 and x are the
combination and isotope labeling ratio, respectively. Σ8

11Pm was
only ∼2.5%, and the DQ curve for the six spin system was
nearly identical to that for the seven spin system. Thus, the DQ
curves for the spin interactions of more than eight spins are
assumed to be the same as those for seven spins. Because the
DQ curves are modulated by an apparent T2 value, all possible
spin interactions (shortest distance of 4.2 Å) with an apparent
exponential T2 of 26.6 ms result in one simulated DQ curve
(blue curve in Figure 2C). The calculated curve shows a slightly
slower build-up compared to the experimental curve. There-
fore, the interstem distance is slightly reduced along the a and b
axes equally. A simulated DQ build-up curve with a shortest
internuclear distance of 4.0 Å and an exponential apparent T2
value of 21.0 ms best fit the experimental results (red curve in
Figure 2C). At Tc = ∼0 °C (green open circles), the DQ build-
up curve was the same as that observed at Tc = 60 °C. The
obtained atomic coordinates and the T2 value at Tc = 60 °C
were used to analyze the CF structure in single crystals. Figure
2D shows the 13C−13C DQ build-up curves for iPB1 blends
with different composition ratio (10/0, 5/5, and 1/9) of 13C-
labeled and nonlabeled iPB1 crystallized at 60 °C. ξmax
decreased from 0.29 at a composition of 10/0 to 0.22 at 5/5
and 0.19 at 1/9 concomitant with broadening of the build-up
and relaxation curve. The observed compositional dependence
of DQ intensity and curve shape indicates that the individual
13C-labeled chains are separated from other labeled chains and
are surrounded by nonlabeled chains. The majority of the
dipolar coupling sources change from both intra- and
interchains to intrachains only as the amount of labeled
component decreases.
At Tc = 60 °C, we reasonably assumed that the flat growth

front of the hexagonal shapes confines the two possible CF
structures to an orientation parallel to that of the growth front.
Figure 3A shows two models of possible CF structures in the
hexagonal single crystals. In the CFI model, the chains are
folded along one row, as illustrated in Figure 3A. In the CFII
model, the chains alternately change folding directions and
occupy two rows and thus the 13C-labeled sites can interact
more closely and produce a dense spin network, as depicted in
Figure 3A. The arrows indicate growth directions. The DQ
efficiencies of the 13C-labeled chains in the blends with
nonlabeled chains (mixing ratio of 1/9) calculated with
⟨nmax⟩ = 21 and F = 100% are shown with the experimental
results in Figure 3B. In the CFI model (green solid curve), ξmax

Figure 2. Chain-packing structure and DQ NMR of 13C-labeled iPB1.
(A) 13C T1ρH-filtered DQ (red) and SQ (black) cross-polarization and
magic-angle spinning (CPMAS) NMR spectra of 35% 13CH3-labeled
iPB1 form I measured at ambient temperature. The crystal structure,
including the 11 colored 13C CH3 spin sites, was used in the chain-
packing simulation. (B) Detailed coordinates of the 11-spin system in
the (0 0 1) (left) and (1 2̅ 0) planes (right). The shortest 13C−13C
internuclear distances between neighboring stems (4.2 Å) and within a
stem (6.3 Å), as determined by X-ray diffraction (XRD),24 are shown
as black arrows. (C) Experimental (open circles) and simulated ξ
curves (solid lines) of 13CH3-labeled form I iPB1. The red and blue
curves are the calculated results based on chain-packing with a closest
interstem r of 4.0 Å and an exponential T2 of 21.0 ms or r = 4.2 Å and
T2 = 26.6 ms, respectively, as a function of τex. (D) Dependence of the
composition of 13C-labeled iPB1 in the blends with nonlabeled chains
(10/0 (black open circles), 5/5 (blue), and 1/9 (red)) on ξ as a
function of τex.
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was 0.09 at τex = 7.45 ms, much lower than the experimentally
obtained value. The calculated DQ build-up curve for the CFII
model (red solid curve) exhibited a ξmax value of 0.21 at τex =
6.66 ms, which is very close to the experimental value (ξmax =
0.19) in Figure 3B. ⟨n⟩ and FCFII dependence of ξ under fixed
FCFII = 100% and ⟨n⟩ = 21, respectively, are illustrated in Figure
3C and D, respectively. Two limit structures of ⟨n⟩ = 8
(minimum) with FCFII = 100% and ⟨nmax⟩ = 21 with FCFII =
90% gave the best curve fits with the experimental results. In
the latter, it was assumed that the remaining 10% of all stems
contributed to the DQ curve as an isolated stem (see the later
discussion of the isolated stem). The clusters consisting of
single chains with ⟨n⟩ = 21 on the growth front are
schematically illustrated in Figure 3A. These results are the
first evidence for clusters consisting of single chains on the flat
growth front of single crystals, consistent with the expected CF
structure in well-defined single crystals based on the last half-
century of research. Actually, individual chains might adopt not
linear but box shapes due to superfolding. We further
investigated DQ efficiency in box types of clusters on the
basis of CFII model with superfolding number (sn) of 1 and 2.
Adopting slightly lower F values of 80−85% can reproduce
experimental data (Figure S4). Note that current DQ
resolution is not high enough to determine whether whole
chains adopt linear or box shapes of clusters. Determination of
molecular shapes is a future subject in polymer characterization.
At Tc = ∼0 °C, the morphology of the solution-grown crys-

tals is rounded due to rapid crystallization, during which stem
deposition is expected to be governed by the secondary
nucleation process (i > g) according to LH theory, where the
kinetics would lead to smaller ⟨n⟩ and F values.5,6 One plausible
model, CF0, which is an isolated stem, is illustrated in Figure
4A, which results in a ξmax value of only 0.04 (pink curve in
Figure 4B). Note that the reference and 6 intrastem carbons
were used for the isolated stem calculation. Two other models,
CFIII and IV, where the niche separation is assumed to be
similar to the stem width, and the effective CF directions would
be radial in rounded crystals, are also shown in Figure 4A. The
DQ efficiencies of the CFIII (orange) and CFIV (blue) curves
were calculated assuming ⟨n⟩ = 5 and F = 50% (filled squares),
⟨n⟩ = 10 and F = 80% (filled circles), and ⟨n⟩ = 21 and F =
100% (solid curve) (Figure 4B), and the thicknesses of the
single crystals prepared at ∼0 and 60 °C were assumed to be
the same. For ⟨n⟩ = 21 and F = 100%, the CFIII and CFIV
models gave ξmax values of 0.13 at τex = 7.45 ms and 0.20 at τex
= 6.66 ms, respectively. In the latter, ξmax value is almost
identical with the calculated ξmax value under assumptions of

⟨n⟩ = 21 and F = 100% using CFII, since two different models
possess very similar spin topology. The experimental DQ build-
up curves for the 13C-labeled chains in the blend sample (open
circles) prepared at Tc = ∼0 °C are shown in Figure 4C.
Surprisingly, the experimental DQ curve exhibits a very high
ξmax value of 0.19, a value identical to that observed at Tc = 60
°C. Using the CFIV and II models, the calculated results for ⟨n⟩
= 21 and FCFIV = 95% (blue triangles), and ⟨n⟩ = 21 and FCFII =
90% (solid red curve), respectively, reproduce the experimental
data (Figure 4C). Currently, the ⟨n⟩ and F values obtained
using the CFIV and II models do not support sequential stem
deposition dominated by kinetics and indicate that a low
concentration of polymers leads to completely adjacent re-entry
structures even under rapid quench conditions. Under the
current proof of no kinetic effect on ⟨n⟩ and F values, the CFIV
model driven by kinetics can be reasonably excluded as a

Figure 3. CF structures and DQ NMR of iPB1 at Tc = 60 °C. (A) Two possible CF models, CFI and CFII, for the hexagonal single crystal with a
schematic representation of the CFII growth front with n = 21. (B) The experimental DQ build-up curves of 13C-labeled iPB1 chains in the blends
with nonlabeled chains (1/9) crystallized at 60 °C (black open circles) and the CFI and CFII curves calculated with ⟨n⟩ = 21 and F = 100%. (C) ⟨n⟩
and (D) FCFII effects on the DQ curves calculated using the CFII model with FCFII = 100% and ⟨n⟩ = 21, respectively, and the experimental results. In
the latter, isolated stems contribute to DQ efficiency as the remaining fraction of 100 − FCFII%. Note that all calculated results include statistical
interchain effects.

Figure 4. CF structures and DQ NMR of iPB1 at Tc = ∼0 °C. (A)
Three possible CF models based on LH theory: isolated chain (CF0),
CFIII, and CFIV. (B) The calculated DQ build-up curves using the
CFIII (blue) and CFIV (orange) models with ⟨n⟩ = 21 and F = 100%
(solid curve), ⟨n⟩ = 10 with F = 80% (filled squares), and ⟨n⟩ = 5 with
F = 50% (filled circles), and CF0 (pink solid curve). (C) Experimental
DQ build-up curves of the 13C-labeled iPB1 chains in the blends with
nonlabeled chains (1/9) (black open circles) and the CFII and CFIV
DQ curves simulated with FCFII = 90% and ⟨n⟩ = 21 (red solid curve)
and FCFIV = 95% and ⟨n⟩ = 21 (blue triangles), respectively. Note that
all calculated results include statistical interchain effects. A schematic
illustration of cluster depositions of single molecules using the CFII
model is shown.
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plausible structure. Rather, the identical ξmax values at Tc = ∼0
and 60 °C simply support the CFII model, even under rapid
crystallization. The identical CF structures obtained at Tc = 60
and ∼0 °C indicate that there is no temperature regime for the
CF process and that low concentration dominates the CF
process in dilute solution and naturally reject CF process
expected from LH theory.5,6 Given the evidence for cluster
formation at Tc = ∼0 °C, cluster depositions driven by kinetics
likely determine the resultant morphology. A plausible
relationship between morphology and cluster deposition is
schematically illustrated in Figure 4C. Depositions of CFII
clusters on the growth front depending on Tc consequently
determine the final morphology. The determined CF structures
and relationship between crystal habits and molecular clusters
across a wide supercooling are well consistent with those in
aggregation model.8

In summary, we demonstrated that both high and low Tcs
lead to cluster formations of single molecules via adjacent re-
entry structures, whereas morphology is highly dependent on
Tc. The results obtained indicate that low polymer concen-
trations, not kinetics, dominate the CF process in dilute
solution and that cluster depositions driven by kinetics
determine the resultant morphology at a given Tc. This novel
approach will clarify how the kinetics, concentration, flexibility,
and molecular weights influence CF structure in different
polymer systems.
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