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ABSTRACT: There are long-standing debates in crystallization
mechanism of polymer chains at the molecular levels: Which
comes first, chain folding or lamellae formation during
crystallization? In this study, we report the local chain trajectory
of C-labeled semicrystalline polymer in an extreme case of
rapidly quenched glassy state as well as thermodynamically stable
crystals formed via different pathways from glass and melt.
Magnetically dipole interactions do not require a long-range order
of molecular objects and thus enable us to trace the local chain
trajectory of polymer chains even in a glassy state. To accurately
characterize the local chain trajectory of polymer glass, the natural
abundance effect on *C—"C double-quantum (DQ) nuclear magnetic resonance (NMR) signal is re-examined using extended
chain conformation. As results, it is found that glassy chains adopt the same adjacent re-entry structure (adjacent re-entry number, n
= 1) with the melt- and cold-grown crystals. From these results, it is concluded that (i) folding occurs prior to crystallization and (ii)
melt and cold crystallization do not induce additional folding but proceed with rearrangements of polymer chains in the existing
templates.
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rystallization of long polymer chains induce structural it was demonstrated that adjacent re-entry structures of '*C-

changes from random coils in the melt to thin and folded labeled PLLA,® iPB1,*7*° and i-polypropylene (iPP)*” were
lamellae, when the polymer melt is cooled to a certain invariant in a wide range of T_s. Increasing computation power
crystallization temperature (T,)." ™ Flexibility and connectivity enabled one to investigate detailed molecular images in
of polymers induce a chain-folding structure, which creates polymer crystallization.”” >’ For example, the coarse-grained
intramolecular packing in addition to intermolecular packing.6 (CG) poly(vinyl alcohol) (PVA) model” ' gave T.
The latter commonly governs crystallization of ion, mineral, independence of the adjacent re-entry structure durin%
small molecule, large protein, etc.” Competition of intra- and crystallization. These experimental”>™*" and simulation®~>
) Lt . . : . 8,9
intermolecular packing is the unique feature in polymer results are not consistent with the LH theory.” However, an
crystallization. Various theories and models have been important question remains unsolved: Do polymer chains fold
proposed in polymer crystallization in the past few prior to crystallization? In other words, which comes first: chain
decades.*™"* Among them, the well-known Lauritzen—Hoff- folding or lamellae formation? Answering this question will

provide a detailed mechanism about polymer crystallization at
the molecular level.
In this work, we investigate the local chain trajectory of

man (LH)®’ theory predicts that polymer chains are dragged
on the existing lamellae (secondary nucleation) and fill the
layer (growth), where chain-folding structure is formed on the ! ¢ _
growth front and highly depends on T.. Another model is the PLLA in therm-odyrnamlcally stable cry: s-talls formed via melt
multistage model,'’ where polymer chains gradually change an.d cc;13d cr&stalhzatlon and an extreme hmllt of g%assy sta.te b.y
their own structures from disordered states to ordered ones. using C-"C D_QNMR spect‘ros.cop y- Dipolar .1nteract10n 18

In the past two decades, several important findings have %nverselly P 11'30 P ort}onal to cubic internuclear distance, r of
been reported in both experimental’>™* and computational interacting °C spins at r < 7 A, and thus has been used to trace

. . 13 . .
works.”™>> For example, chip DSC (cDSC) provided the local chain trajectory of “C-labeled chains diluted by

formations of nuclei for poly(i-lactic acid) (PLLA),'S nonlabeled chains (Figure 1a).”*** This approach does not

isotactic-poly(1-butene) (iPB1),'® poly(e-caprolactone),'” etc,,

. ACSMaere
even below the glass transition temperature, T,. Homogeneous Received: December 16, 2021 Hucrolgters)
(primary) nucleation does not require segmental motions Accepted: February 4, 2022
associated with T,. In-situ FT-IR,"*"’ Raman,” and wide- Published: February 8, 2022

(WAXS)'®" and small-angle X-ray scattering (SAXS)'”*"**
measurements observed preordered structures prior to
crystallization. By using 3C—'*C DQ NMR spectroscopy,”®
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Figure 1. Schematic illustration for *C—"3C DQ NMR analysis for
adjacent re-entry structure of '*C-labeled chains (black lines) in (a)
the crystalline regions and (b, c) the glassy state. Open and filled
black and blue spheres mean amorphous and crystalline and *C-
labeled monomer units, respectively. Black line and red arrows
represent chain connectivity and magnetic dipole—dipole interactions,
respectively.

require long-range order of molecular objects and thus can be
applied to investigate local chain trajectory and packing
structure in a glassy state. Two extreme cases of highly
disordered and locally ordered chain trajectories were
schematically depicted in parts b and ¢ of Figure 1,
respectively. By comparisons of experimental and simulated
DQ buildup curves, it is demonstrated that glassy polymer
chains adopt similar chain trajectories with the thermodynami-
cally stable crystals.

3C CH, 33% labeled PLLA with weight-average molecular
weight, M, = 2.0 and 300 kg/mol, and nonlabeled PLLA with
M, = 2.3 and 248 kg/mol and nonlabeled poly(p-lactic acid)
(PDLA) with M,, = 2.1 kg/mol were synthesized (see details in
the Experimental Section in the Supporting Information).
Their molecular weight, polydispersity, and abbreviation name
are listed in Table 1.

Table 1. Weight-Average Molecular Weight, M,,, and PDI of
3C 33% CH,-Labeled and Non-Labeled PLA Used in This
Work

name M, (kg/mol)* PDI
BC h-PLLA 300 2.26
h-PLLA 248 228
3C I-PLLA 2.0 1.24
-PLLA 2.3 1.26
I-PDLA 2.1 123

“M,, was corrected by a factor of 0.58 by using polystyrene as
standard.

Figure 2a shows SAXS patten for the stereocomplex I-PLA
crystals. The first order SAXS peak appears at g = 0.073 A,
which corresponds to a long period, I, of 8.6 nm in terms of I,
= 21/9>* From M, and 3, helical conformation in the
stereocomplex,35’36 the chain lengths of 13C I-PLLA, I-PLLA,
and I-PDLA correspond to 7.7, 9.1, and 8.1 nm, respectively.
The weight average of the chain length of 8.5 nm is close to the
Iy value. This means that the stereocomplex sample adopts an
extended chain conformation. This sample is used to further
calibrate the DQ _signals of the '*C I-PLLA stereocomplex.

DQ NMR could detect *C—"3C spin pair interactions
within the labeled chains as well as between the labeled and
nonlabeled ones. In the case of adjacent re-entry clusters, the
former is dominant over the latter. However, decreasing the
adjacent re-entry number, #, relatively increases the contribu-
tion from the latter to the DQ signal. This effect might
overestimate #.”>® In particular, characterization of the n = 0
structure requires precise evaluations from natural abundance.
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Figure 2. (a) SAXS profile for the stereocomplex reference sample.
(b) *C CPMAS SQ (black) and DQ_(red) NMR spectra for *C I-
PLLA stereocomplex blend with insertion of the vertically enlarged
DQ spectra by 20 times. "*C DQ experimental and simulated buildup
curves for 3C I-PLLA stereocomplex blend in (c) previous and (d)
current analyses. The atomic coordinates being referred to ref 37. and
T, = 8.5 ms in the simulations. The red and blue curves representing
simulation curves with n = 1 and 0, respectively in (c) the
previous”*” and (d) the updated analyses. The inset in part d
shows the packing structure for the isolated '*C I-PLLA stem in the
stereocomplex.

There are two types of natural abundance contributions. One
is the CH; carbon, and the other is different carbons. In the
previous works,”*® the latter was obvious in the short
excitation time, 7., and was subtracted from the *C-labeled
CH, DClsignal.a23 In this work, DQ _signals were accumulated
up to 20K times, instead of a typical 2K ones.” Figure 2b
depicts *C CPMAS NMR spectrum (black line) for *C I-
PLLA stereocomplex blend with [-PLLA and /-PDLA with a
mixing ratio of 1:4:5, respectively. The CH; signal appears at
15.6 ppm, which is attributed to the stereocomplex
crystals.36’37 The DQ spectrum (red line) was obtained at 7,,
= 7.84 ms. The vertically enlarged DQ_spectrum by 20 folds
shows a small DQ_signal for the CH carbon with a relative
intensity of 5% to the CHj signal. The DQ signal from the CH
carbon was subtracted from the CH; DQ signal. Furthermore,
previous works did not consider the natural abundance effect
from nonlabeled CH; carbons.”””’ Here, the natural
abundance effect was included in the experimental result.
This procedure apparently decreases the height of DQ
experimental curve compared to the previous works. ">
Figure 2c, d depicts *C—"C DQ_buildup curve (open red
circles) for the 'C I-PLLA stereocomplex blends. The
maximum DQ efficiency, &, is 8.1% at 7, = 8.62 ms. Figure
2c represents the simulation curves with n = 0 (red curve) and
1 (blue) in the previous analysis (see details in the Supporting
Information).>” The n = 1 curve (hairpin) is apparently lower
than the experimental curve. The folding structure (n > 1) is
not consistent with the extended chain conformation obtained
by SAXS. This discrepancy is attributed to the natural
abundance effect of the CH; carbon. The natural abundance
effect was included in the simulation. The statistical interchain
effect of both *C CHj; labeled and nonlabeled chains was
considered in a 10000 X 10000 stem matrix, where all
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probabilities from different interchain effects were generated in
Monte Carlo (MC) simulation.”® (see details in the
Supporting Information). The updated simulation curves are
plotted in Figure 2d. The n = 0 curve reproduces the
experimental data. Under these revisions, the packing and
folding structures of PLLA glass and thermodynamically stable
crystals are investigated.

Figure 3a schematically illustrates experimental procedures
for melt and cold crystallization as well as quenching into a
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Figure 3. (a) Schematic illustrations of thermal procedures used in
this work. (b) POM images, (c) '*C CPMAS NMR spectra, and (d)
WAXS patterns of *C h-PLLA melt-grown crystal (MGC) (red),
cold-grown crystal (CGC) (green), and quenched glass (blue) blends
with h-PLLA. The white scale bars represent a 500 um scale in the
POM images.

glassy state used in this work (see details in the Supporting
Information). T, was set to 150 °C which is slightly higher
than the reported regime I—II transition temperature of 147
°C in PLLA.*” 3C CPMAS NMR spectra and polarized optical
microscope (POM) WAXS for *C h-PLLA crystal blends with
h-PLLA formed via melt and cold crystallization as well as
corresponding quenched ones are depicted in Figure 3b—d. In
the POM images, nucleation density is limited and individual
spherulites well develop with a diameter over 500 ym in melt-
grown crystals whereas numerous spherulites with a limited
diameter of 10—20 ym are formed in cold-grown crystals at the
same T.. The large differences in morphologies are explained
in terms of formation of nucleation below T,.">~'” On the
other hand, there is no spherulite in the quenched sample. *C
CPMAS NMR spectra and WAXS patterns for the 10% *C h-
PLLA blends confirm that melt- and cold-grown crystals adopt
the a form®*" while the quenched sample adopts a glassy
structure.”*" Interestingly, the NMR result indicates that the
glassy sample gives a broad singlet CH; peak with full-line
width at half height of ca. 200 Hz at 16.6 ppm, which are
comparable to those for a kinetically favored a’ crystal (180 Hz
and 16.9 ppm).*" The similarities in both the chemical shift
values and line widths imply that the glassy sample adopts a
similar local structure with the @’ crystal. Moreover, recent
fiber XRD'"’ and FT-IR," and Raman*** analyses indicated
that PLLA glass adopts similar helical conformation with that
for the a (a’) crystals. Due to the structural similarity between
the crystal and glass, Tashiro et al. named PLLA glass as
mesophase.'” Under the assumption of the same conformation
between the glass and the a crystal, the packing structure of
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BC h-PLLA quenched glass is investigated by using *C—"C
DQ NMR. The experimental DQ buildup curves for the *C h-
PLLA melt-grown crystals and glass are depicted in parts a and
b of Figure S6, respectively. The simulation curve was
calculated by using the reported atomic coordinates of the
CH, carbons in orthorhombic lattice (a = 10.66, b = 6.16, and
¢ =28.88 A)* and a 'H transverse relaxation time, T,, of 9.2
ms. The chain center-to-center distance, R of the PLLA «
crystals is 6.1 A.*° Moreover, DQ_curves were simulated by
changing R values to 5.9 (green curve) and 6.3 A (blue). It is
indicated that R = 6.1 + 0.2 A is quite consistent with the XRD
result.”” Interestingly, it is found that the PLLA glass adopts
the same packing structure (R = 6.1 A) as the « crystal. This
result implies that ordering in the conformation accompanies
packing with neighbors even in the glassy state.

The same strategy can be applied to the analysis for local
chain trajectory in the *C h-PLLA glass and crystal blends
diluted with h-PLLA. The experimental DQ_buildup curves for
BC h-PLLA melt-grown crystal (red open circle) and cold-
grown crystal blends (green) with h-PLLA are plotted in
Figure 4a. Both curves are well consistent with each other.
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Figure 4. Experimental DQ_buildup curves for (a) *C h-PLLA melt-
grown (open red circles) and cold-grown crystal (green) and I-PLLA
melt-grown crystal blends (blue) and (b) '*C h-PLLA glass blend
(open red), and simulated curves with n = 0 (blue solid), 1 (red), and
2 (green). Schematic illustration for chain trajectory with n = 1 and
spatial distribution of monomer units (segments) in (c the ) glassy
state and (d) nucleation and (e) crystallization processes. Open and
filled circles and solid red lines represent amorphous and crystalline
monomer units and local chain trajectory, respectively.

Moreover, the *C I-PLLA melt-grown crystal blend expectedly
shows a much smaller curve (blue open circles) than that for
3C h-PLLA crystal blend. Under the assumption of R = 6.1 A,
simulated curves based on isolated chain (n = 0) and single (n
=1) and double folds (n = 2) are shown as solid blue, red, and
green curves, respectively in Figure 4a. The n = 0 curve well
reproduces the experimental data for *C I-PLLA melt-grown
crystal blend. The experimental curves for *C h-PLLA melt-
and cold-grown crystal blends are fitted with the n = 1 curve.
The result of n = 1 means the same Erobability for
intermolecular’ and intramolecular packing.” This value is
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close to n = 1.2 for the CG-PVA model obtained in computer
simulation.*

Figure 4b represents the experimental curve for the '*C h-
PLLA glass blend (red open circles) with the simulation curves
based on the atomic coordinates for the & crystals (R = 6.1 A).
Surprisingly, it is found that the DQ_curve in the glass is almost
the same to those in the melt- and cold-grown crystals.
Namely, glassy polymer chains adopt not random trajectory
but the same hairpin structure (n = 1) (Figure 4c) with melt-
and cold-grown crystals (Figure 4e). Interestingly, the folded
chains form the same intramolecular packing structure of R =
6.1 A with the a crystals. These results indicate that glassy
chains adopt the same hairpin structure accompanying the
tight packing with the a crystals. In nucleation and
crystallization process, polymer chains rearrange their packing
and conformations to form three-dimensionally ordered
crystals in the existing chain templates. Such molecular events
are well consistent with multistagelo’ll and solidification
models."" The same chain-trajectory before and after
crystallization might explain recently reported results in
PLLA and others such as (i) homogeneous nucleation below
Tg,ls_17 (ii) conformational ordering in the prestage of
crystallization, *>>**** and (iii) T, independence of adjacent
re-entry structure in the melt-grown crystals.”>*~*’

Another important aspect is formation of the fold loops in
melt- and cold-grown crystals. A recent CG PVA model
implied that chain folding occurs between entanglements.””*’
The NMR results obtained in this study can be explained in
terms of the mechanism provided by the MD simulation. In
the case of folding prior to crystallization, the loop may not be
necessarily tight. The length may be related to the late stage of
crystallization. In various semicrystalline polymers, the
variations in the lamellae thickness are attributed to chain
mobility in the crystalline regions.”* Thermally activated
molecular dynamics increases the thickness of lamellae and
thus the process may push the crystal—amorphous boundary
up to the vicinity of the fold surface (Figure 4e) and may
resultantly make tight loops at the fold surface. Otherwise,
polymer chains would adopt loose and long loops in the melt-
and cold-grown crystals.

In summary, chain-folding and local packing structures of
PLLA in a quenched glassy state as well as thermodynamically
stable a crystals were investigated by *C—"*C DQ NMR
spectroscopy. It was found that glassy PLLA adopts the similar
packing structure with that for the crystals. Moreover, it was
demonstrated that glassy PLLA chains adopt the same one-fold
(n =1) and intramolecular packing (R = 6.1 A) structures with
the thermodynamically stable crystals formed via melt and
glassy states. From the results, it is concluded that polymer
chains fold prior to crystallization, and nucleation and
crystallization proceed via rearrangements of polymer chains
in the existing chain templates.
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