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ABSTRACT: Semicrystalline polymers are categorized as either mobile Syndiotactic Atactic
or fixed crystals, depending on chain mobility in the crystalline region. In 'y

this work, we investigate molecular dynamics and phase structure in the X
cocrystal consisting of fixed and mobile polymer crystals by solid-state
(ss) nuclear magnetic resonance (NMR) spectroscopy. It is demon-
strated that (i) the mobile component begins large amplitude motions
associated with crystal—crystal transition, while fixed ones keep their
rigidity in the cocrystal, and (ii) asymmetric molecular dynamics leads to
nanosegregations into mobile- and fixed-rich domains in the cocrystal
below the melting temperature (T,,). The observed phase separation
induced by asymmetric molecular dynamics is similar to the phase
separation of the miscible amorphous polymer blend; however, it is
limited to two dimensions due to the parallel packing of the stems inside
the cocrystal, as well as chain connectivity at the crystalline—amorphous

Co-crystal

boundary.
Molecular dynamics of polymer chains in the crystalline miscible amorphous polymer blends”' ™*® but not crystalline/
region of semicrystalline polymers is a crucial factor for crystalline ones, because most semicrystalline polymers do not
crystallinity,' ™" lamellar thickness,'~” deformability,”” and cocrystallize. If mobile and fixed polymer crystals cocrystallize
mechanical properties.'”"" Flexible semicrystalline polymers, together, how does cocrystallization alter molecular dynamics,
such as polyethylene,'>"” isotactic (i)-polypropylene,'* poly- crystalline structure, and mechanical and thermal properties in
(ethylene oxide)," poly(tetrafluoro ethylene),16 and so on, the blend?
experience large amplitude molecular motions in the crystalline In recent years, novel polyolefins, stereoregular hydro-
region, including anisotropic rotations around the chain axis, genated polynorbornene (hPNB)s,”” in addition to an existing
which are concomitant with translations along the chain axis stereoirregular one,””*® were successfully synthesized via
(mobile crystals), whereas poly(ethylene terephthalate) stereoselective ring-opening polymerization. Interestingly, all
(PET),17 NYlon;lg syndiotactic (5)‘PP;8 i-poly(1-butene) s-, i-, and atactic (a)-hPNBs crystallize in monoclinic (a = 5.97

form 1% and so on do not conduct chain dynamics up to A b =948 A c= 1258 A, and j8 = 60°), orthorhombsic (a =
the melting temperature (T,; fixed crystals). Mobile crystals 595 A, b=825A, c=12.65A), and monoclinic lattices (a =

show much higher crystallinity,l_7 longer lamellae thick- S43 A, b =945 A, ¢ = 1241 A, and B = 90°), respectively,

1-7 1. . .19 . 4 : ’ . ’
ness, .hlgher moliecular or1entat19n, o f‘lnd resultantly higher where all three adopt a nearly trans-conformation (¢ = 12.41—
mechanical properties after processing” " than those for fixed 12.65 A) independent of stereoregularity.”” Moreover, Kafle et
crystals. al. reported that (i) s- and i-hPNBs are fixed crystals, while a-

A polymer blend is an attractive ar.ld conventional e?ppggach hPNB conducts large amplitude motions associated with a
to alter polymer structure, dynamics, and properties.™ In crystal—crystal transition into the rotator phase (mobile

miscible blends, various polymer mixtures show a single glass crystal) at T, = 115 °C, and (i) a-hPNB shows a much
cc = )

transition temperature (T,) that is different from T,s for

individual components A and B (T, and T,s).”" By applying

ived: ACSMacro L
various experimental techniques, it was reported that individual Received: November 28, 2021 SN
components possess inherent dynamic behaviors (asymmetric Accepted: January 12, 2022 &

22-24 Published: January 14, 2022 ¢/

molecular dynamics) even in the miscible blends.
Asymmetric molecular dynamics leads to isotropic phase m
separations above the lower critical solution temperature =
(LCST).>>*° Previous studies have been conducted on
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higher crystallinity (@, = 82%) and a much longer long period
(L = 80 nm) than those for stereoregular ones (@, = S0—55%
and L = 17-21 nm).” These unique structures for the
configurationally disordered crystal are attributed to very fast
molecular dynamics in the high-temperature phase.

In this work, we for the first time investigate cocrystalliza-
tion, molecular dynamics, and microscopic phase structure for
the a-/s-hPNB blend at high temperatures above T, by using
differential scanning calorimetry (DSC) and ssNMR spectros-
copy. The asymmetric a-/s-hPNB blend with a mixing ratio of
3:1, respectively, was prepared by solution blending. Detailed
experimental conditions, including sample preparation, DSC,
and ssNMR experiments, are provided in the Supporting
Information (SI).

Figure 1 shows DSC thermographs for pure a- and s-hPNBs
and their blend with cooling and heating rates of 10 °C/min. a-
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Figure 1. (a) DSC heating and (b) cooling thermographs for pure a-
and s-hPNBs and their blend with heating and cooling rates of 10 °C/
min.

hPNB experiences a crystal—crystal transition at 115 and 108
°C during heating and cooling, respectively, while s-hPNB does
not.” In the blend, very broad crystal—crystal transition peaks
are observed at 110—125 and 100—115 °C during heating and
cooling, respectively. T,, and crystallization temperature (T,)
for the blend are 145 and 122 °C, respectively, which are
similar to those for a-hPNB, but T, and T. corresponding to
pure s-hPNB are not observed in the blend. These thermal
behaviors indicate cocrystallization of a- and s-hPNBs in the
blend.

3C CPMAS NMR spectra for pure samples and the blend
and signal assignment are depicted in Figure S1. Figure 2a
shows an expanded *C CPMAS NMR spectrum for the C7
and C1,4 signals for the blend measured at 123 °C. The C7
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signal at 44.2 ppm is attributed to the overlapped a- and s-
hPNB crystalline signals, while the C1,4 signal shows different
chemical shift values for a- (43.4 ppm) and s-hPNB (42.0
ppm) crystalline signals and overlapped amorphous signals
(41.6 ppm) in the blend.”

Figure 2b shows chemical shift anisotropy (CSA) spectra for
the C7 carbon for pure a- (red) and s-hPNBs (blue) at 123 °C
and their conformations with orientations of the CSA principal
axes.” The CSA spectrum for s-hPNB shows an axially
asymmetric pattern that is similar to that for a-hPNB at 25
°C reported in previous work,’ where crystalline stem
dynamics is frozen. The spectral pattern was reproduced by
the calculated CSA pattern (blue dashed line) with principal
values, (61, G, 033) = (64, 45, 23 ppm).” Moreover, a one-
dimensional exchange NMR indicated that there is no slow
chain dynamics in the s-hPNB crystalline region (107—10* s)
up to T, These results indicate that large amplitude motions
are frozen in the s-hPNB crystal even at 123 °C, just below T,
= 137 °C (Figure 2b). On the other hand, the a-hPNB
crystalline signal shows an axially symmetric pattern with (oyy,
6y, 033) = (55, 55, 23 ppm) at 123 °C. Under the assumption
of uniaxial rotation around the 6;; axis (chain axis) in a
frequency over 20 kHz (Figure 2b), the simulated curve (red
dashed line) could reproduce the experimental one. The CSA
pattern for the C7 signal in the cocrystal (green solid line in
Figure 2c) shows an axially symmetric pattern that is almost
the same as that for pure g-hPNB. This means that major
stems participate in the large amplitude motions in the
cocrystal. Summations (green dashed) of stoichiometry-
weighted axially symmetric (red dashed) and asymmetric
(blue dashed) patterns are well consistent with the
experimental one (Figure 2c). However, it may be challenging
to properly characterize chain dynamics for the minor s-hPNB
stems in the cocrystal via the CSA line-shape analysis for the
overlapped signals. The C1,4 CSA patterns for pure s- (blue
solid line) and a-hPNBs (red) and their cocrystal (green) are
depicted in Figure 2d,e. As expected, the C1,4 CSA pattern for
a-hPNB in the cocrystal shows the same axially symmetric
pattern with that for pure a-hPNB (Figure 2e). On the other
hand, pure s-hPNB shows invariant asymmetric patterns at 25
°C (bottom blue in Figure 2d) and 123 °C (middle blue in
Figure 2d). The C1,4 CSA pattern for s-hPNB in the cocrystal
depicts the same pattern with those for pure s-hPNB. This
result indicates that most s-hPNB stems do not conduct large
amplitude motions in the cocrystal at 123 °C. It is concluded
that two components conduct largely different chain dynamics
(asymmetric chain dynamics) in the cocrystal above T..

BC spin—lattice relaxation time in the laboratory frame
(T,c) is a conventional tool to capture small amplitude
motions in the range of the '*C Larmor frequency of 75 MHg,
which is larger by three orders of magnitude than the dynamics
range detected by CSA. The conventional experiment has been
successfully used in the analysis of molecular dynamics of a
polymer in solution and melt states.”” The C1,4 signal for pure
s-hPNB in the crystalline region (blue open circles) possesses
T ¢ values of about 328.9 s at 100 °C and 291.6 s at 130 °C,
respectively (Figure 3a,b). On the other hand, pure a-hPNB
shows quite short T values of 1.7 s (red open circles) at 100
°C (below T..) and 2.3 s at 130 °C (above T.). These values
are very close to those in the amorphous region (e.g, 0.67 s at
130 °C, see details in Table S1). This fact indicates that small
amplitude motions are well activated in the a-hPNB crystalline
region, even below T.. Configurational disorder makes some
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Figure 2. (a) *C CPMAS NMR spectrum for the a-/s-hPNB blend with a mixing ratio of 3:1, respectively, in the chemical shift range of 39—48
ppm at 123 °C. C CSA spectra for (b, ¢) C7 and (d, e) C1,4 signals for pure a- (red) and s-hPNBs (blue) and their blend (green) measured by
using SUPER®® at 25 and 123 °C and (b, c) simulated CSA patterns (dashed lines) for pure a- (red) and s-hPNBs (blue) and the blend (green).
(b) Chain conformation for pure a- and s-hPNBs determined in ref 29 and their dynamic models with orientations for the CSA principle axes on

the C7 carbon.”
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Figure 3. T relaxation decays for pure a- and s-hPNBs and their
cocrystal at (a) 100 and (b) 130 °C. (c) T,¢ values for a- and s-
hPNBs in the cocrystal and the relative fraction for the long
component.

dynamics spaces for librations in the crystalline region. A large
variation in the T, values between a- and s-hPNBs may be
useful to study the cocrystallization effect on the small
amplitude motions for two components.

At 100 °C, both a- (red filled circles) and s-hPNBs (blue)
obviously show double exponential decays in the cocrystal,
which are largely different from those in pure samples. This
indicates that small amplitude motions in the stems are
significantly affected by cocrystallization. Above T, separa-
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tions in the relaxation curves between a- and s-hPNBs are
prominent at 117 °C (Figure S2a). With further increasing
temperature, separation gets larger and larger (Figures S2b and
3b). All relaxation curves in the cocrystal were analyzed in
terms of double exponential curves. The relaxation values and
their fractions for a- and s-hPNBs in the cocrystal are plotted in
Figure 3c and are listed in Table S1. The short T, values for
a-hPNB in the cocrystal at all the temperatures are similar to
those for pure a-hPNB. Their fractions increase with increasing
temperature. Interestingly, s-hPNB in the cocrystal also shows
very similar short T values of 1.9—2.3 s with those for a-
hPNB. This means that small amplitude motions in minor s-
hPNB stems in the cocrystal are significantly enhanced by
major mobile a-hPNB stems. Surprisingly, the T values for
the long components of a- and s-hPNBs in the cocrystal
increase with increasing temperature. In general, solid polymer
dynamics is thermally activated and leads to a shorter T’ value
with increasing temperature.” The observed opposite trend
suggests slowing down molecular dynamics with increasing
temperature. Moreover, a relative fraction for the long
component decreases in g-hPNB, while it increases in s-
hPNB in the cocrystal. The observed temperature dependence
of the dynamic heterogeneity in the cocrystal suggests phase
separations into a- and s-hPNB-rich domains in the cocrystal
with increasing temperature above T...

To investigate spatial heterogeneity of a- and s-hPNB stems
in the cocrystal, 'H spin—lattice relaxation time in the rotating
frame (T,,;), which has been successfully utilized to
characterize miscibility as well as phase separation of polymer
blends at several nm scales,”** was measured. Figure 4a,b
shows T,y decaying curves for pure a- (red open circles) and
s-hPNBs (blue) and their blend (filled circles) at 100 and 130
°C, respectively. Pure a- and s-hPNBs show single T ,;; values
of 15.4 and 71.4 ms, respectively, at 100 °C. With increasing
the temperature above T, pure a-hPNB stems begin fast chain
dynamics over 20 kHz and thus lead to a large reduction to 6.6
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Figure 4. T,y relaxation decays for pure a- and s-hPNBs and their
cocrystal at (a) 100 and (b) 130 °C. a (red) and s (blue) rectangle
boxes represent a- and s-hPNB-rich domains in the heterogeneous
cocrystal, with the number showing the a-/s-hPNB stem ratio in two
domains determined by T . (c) Weight fraction (r,pxp) of a-hPNB-
rich domain (green circle), and relative fraction of a-hPNB
component (@ ng) in a- (red) and s-hPNB-rich (blue) domains
determined by T),y. (d) Schematic illustration for stem exchange
dynamics for the a-/s-hPNB cocrystal.

ms, while the T,y value for pure s-hPNB increases slightly to
89.7 ms. In the blend, a- and s-hPNB relaxation curves show a
large difference from those for pure components and similar
curves with each other at 100 °C. This result indicates that
spin diffusion occurs between a- and s-hPNB stems in the
cocrystal; however, spin diffusion is not sufficient to
completely average out two relaxation curves. The result
implies partially spatial heterogeneity inside the cocrystal at

196

several nm scales.”"”> Moreover, wide-angle X-ray diffraction
(WAXD) patterns confirmed cocrystallization of a-/s-hPNBs
in the blend (see Figure S3). Above T, decaying curves are
further separated from each other and show obvious double-
exponential behaviors. Similar relaxation curves were pre-
viously reported in the polystyrene/poly(vinyl methyl ether)
blend heated above LCST.*” Under the assumption of the (i)
formation of a- and s-hPNB-rich domains, (ii) complete spin
diffusion between two components within each domain, and
(ili) no spin diffusion between the interdomains, the double-
exponential curves were analyzed in terms of following
equations:32

M,(7) =y, exp(=7/T},) + 1, exp(=7/Ty,) (1)

M((7) = x; exp(—7/T;,) + 1 exp(—7/Ty,) )
where y/ represents the proton molar fraction of a-hPNB in the
i domain (i = a or s, ¥ + x;, = 1), and T}, denotes the T,
value of the i domain. a and s denote a- and s-hPNB-rich
domains, respectively. A similar description applies to s-hPNB.
The experimental curves were fitted using eqs 1 and 2. The
best fit curves are shown as solid lines in Figures 4a,b and $4,
and the fitting parameters are listed in Table S2. The fitting
provides compositions of a- and s-hPNB-rich domains and
relative fractions of two domains. Relative compositions of a-
hPNB stems (® png) in a- (red circles) and s-hPNB-rich
domains (blue) and relative weight fraction of a-hPNB
domains (r,,pnp, green) as a function of temperature are
plotted in Figure 4c. Weight fraction of the a-hPNB-rich
domain increases with increasing temperature (green circles).
Relative fraction of the a-hPNB component in the a-hPNB-
rich domain increases (red), while that in the s-hPNB-rich
domain decreases (blue) as the temperature increases. These
results indicate that nanosegregations in the cocrystal are
prominent above T

The observed nanodomain formations can be interpreted in
the following way: At around T, a-hPNB stems begin large
amplitude motions in a dynamic regime (>20 kHz), while s-
hPNB stems do not. Once a-hPNB stems begin to conduct
large amplitude chain dynamics, highly mobile a-hPNB and
fixed s-hPNB stems give instability at the boundary between
two kinds of stems. The mobile and fixed stems rearrange their
locations laterally to minimize interfacial contact areas inside
the cocrystals, as schematically illustrated in Figure 4d.
Thermally activated a-hPNB stems can diffuse along the
chain axis.” Therefore, one may expect nanosegregation along
the chain axis. However, individual crystalline stems are
covalently bonded with the amorphous chains. The con-
nectivity does not allow separations along the chain axis, but
leads to separations into the lateral two-dimension. Therefore,
the dimension of the observed phase separation in the
cocrystal is different from the isotropic (three-dimensional)
phase segaration of the amorphous polymer blends above
LCST.”>*° Note that the lateral movement of stems occurs in
the rotator phase of n-alkane.”**

In summary, we for the first reported asymmetric molecular
dynamics and two-dimensional phase separation associated
with crystal—crystal transition in the cocrystal of mobile and
fixed polymer crystals. Newly obtained dynamic and spatial
heterogeneities in the polymer cocrystal recall an important
revision in the definition of polymer crystals that does not
require “three-dimensional long-range order” but does require
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“parallel packing of stems”, as reported by Corradini,
Auriemma, and DeRosa.*
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