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ABSTRACT: We investigate the crystallinity and chain dynamics of

two crystalline forms I and II of bromine-substituted polyethylene,

where bromine is substituted on every 21st backbone carbon

—[(CH,),—CHBr]—. Form 1 exhibits an all-trans planar con-

formation, while form II adopts a zigzag, nonplanar, herringbone-like

structure with gauche conformations around the CHBr group. Static

'"H NMR revealed that form II has a slightly higher crystallinity

compared to form I, illustrating minor crystallinity differences

despite their distinct crystal structures. Both forms, however, achieve

much lower crystallinity relative to typical polyethylene (PE),

highlighting the pronounced effect of low Br substitution. This chain

alteration also impedes chain diffusion on the time scale relevant for Form I Form I
lamellar growth, a phenomenon commonly observed in semicrystal-

line PE. *C—"H dipolar MAS NMR experiments indicate that form II's gauche conformers stiffen adjacent CH, chains, leading to
lower motion amplitude in the crystalline chain stem compared to form I, which displays more uniform vibrational motion
amplitude. Additionally, '*C T-relaxation measurements reveal atypically short and distributed crystal-related T, values in both
forms. By using 'H crystal-phase filtering and spin diffusion into the near-surface crystalline stems, we detect the CH, in the
semicrystalline interphase to be biased toward short T, highlighting faster local mobility down to the ns time scale close to the fold
surface as compared to the core.

1. INTRODUCTION distributed along the chain backbone, play a significant role in
modifying PE properties.””'” For instance, Cl-substituted
polyethylenes, with Cl atoms placed at every 9th to 2lst
carbon, exhibit notable differences in crystallinity, melting
temperatures, and crystalline structure.””” Precision Cl
substitution, synthesized via olefin metathesis polycondensa-
tion, leads to a homopolymer-like crystallization pattern, with
relatively large crystal thicknesses and sharp thermal
transitions." In contrast, random chlorine substitution results
in a nonuniform distribution of Cl atoms, broad thermal
transitions, lower crystallinity, and curved, segmented
lamellae.”

In the studied case, we are concerned with the substitution
of Br at regular intervals, such as every 21st carbon atom,
which induces two distinct polymorphs, as form I and form
IL7'"" Form 1 is characterized by an all-trans planar
conformation of the polymer chains, while form II features a

Polyethylene (PE) is one of the most widely produced and
extensively studied polymers due to its remarkable versatility
and broad range of applications across various industries. Its
unique properties, including mechanical strength, chemical
resistance, and thermal stability, make it an ideal material for
use ranging from packaging to automotive components. A
notable feature of PE is its ability to undergo significant
property modifications through the incorporation of small
amounts of comonomers. These modifications can lead to
substantial changes in crystallinity, chain dynamics, and
mechanical performance, thereby offering opportunities to
tailor materials for specific applications.'”'" Moreover, the
sparse incorporation of functional groups offers great
perspectives for improved circularity of this important
polymer.'°™"* For tailored and optimized mechanical proper-
ties, an in-depth understanding of the effect of such defects on
the semicrystalline morphology and dynamics is obviously -
required. Received: February 7, 2025 Nacromolecules
Among the various strategies to alter PE properties, the Revised:  March 28, 2025
incorporation of halogen atoms, such as bromine or chlorine, Accepted:  April 4, 2025
along the polymer backbone has been the focus of a number of Published: April 14, 2025
fundamental works. Studies have shown that even small
amounts of halogen (Br or Cl), whether randomly or precisely
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nonplanar, herringbone-like structure resulting from the
formation of gauche conformers adjacent to the CHBr
groups.”'*'® The transition between these two forms is highly
sensitive to crystallization conditions, especially temperature
and cooling rates.”'* Form I tends to form under rapid
quenching conditions, while slower cooling processes favor the
formation of form I1."* Notablz form I exhibits a lower melting
point compared to form II," with methylene units formin
layered structures and Br situated at the layer boundaries.
These findings underscore the potential for precise kinetic
control of crystallization in novel polyolefins with tuned
physical properties, facilitating the development of materials
with nanostructures at the lamellar and sublamellar levels,
which are not feasible in classical polyethylenes.

Despite extensive research on these two polymorphs, a
detailed understanding of their crystallization and chain
dynamics remains limited. Our study addresses this gap by
examining the crystallinity and chain dynamics of bromine-
substituted polyethylene, specifically with bromine at every
21st carbon (PE21Br), as these factors play a crucial role in
crystal lamellar structure and the overall semicrystalline
morphology of polymers.'>'” Using advanced NMR techni-
ques,'*™*" ‘we uncover differences in crystallinity and local
chain dynamics between two distinct forms of PE21Br, formed
under different cooling rates. Our findings reveal that gauche-
containing form II exhibits slightly higher crystallinity
compared to form I, highlighting the role of kink-enabled
gauche conformers in enhancing crystal packing. We also
confirmed the precise Br incorporation to prevent intracrystal-
line chain diffusion between crystalline and amorphous chains
on the same time scale of lamellar growth (or faster), a
phenomenon typically observed in PE and other polymers
(e.g, PEO) and a decisive factor controlling the morphol-
ogy.'®"” Furthermore, we found that both forms exhibit
distinct distributions of vibrational motion amplitudes across
their crystalline chain stems, with form II displaying a more
complex dynamic profile due to its gauche conformers. Our
BBC T,-relaxation measurements further reveal the presence of
unusually pronounced fast (sub-us) local mobility within the
crystalline regions of both forms, a phenomenon not typically
observed in semicrystalline polymers, but in line with the
collective local motion reported in similar polymer structures
with precise substitutions.”> The shorter '3C T,-relaxation
toward the fold surface suggests that these chain segments
exhibit faster local mobility compared to those in the lamellar
core.

This research not only enhances the understanding of the
semicrystalline nature and mechanical properties of bromine-
substituted polyethylenes but also demonstrates how precise
chemical modifications can drastically alter polymer behavior,
particularly in terms of crystal packing, molecular motion, and
defect formation. Our findings contribute valuable insights for
designing advanced materials with tailored mechanical
characteristics, opening new avenues for the development of
potentially more sustainable PE-like materials."”

2. EXPERIMENTAL SECTION

2.1. Materials. The PE21Br sample, a polyethylene with a
bromine atom placed on every 21st backbone carbon, was synthesized
via acyclic diene metathesis polymerization.” The characterization of
its chain structure can be found in prior works.”'* It was reported that
both forms consist of approximately S—9 repeating units (of 21
carbon atoms length comprising the effectively large “monomer”) in
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lamellar crystallites,"*'® with small-angle X-ray scattering (SAXS)

measurements showing a core crystal thickness of ~120 + 10 A with a
long spacing of ~230 + 10 A Previous GPC measurements’
indicated that the sample has a molecular weight (M,,) of 94 100 g/
mol, with polydispersity index (PDI) of 2.2, and a Br content of 4.76
mol %. DSC experiments revealed that upon cooling from the melt at
10 °C/min, PE21Br displays a crystallization temperature (T.) of 53
°C, and a melting temperature (T,,) of 70 °C on second heating. The
dimorphism in the PE21Br crystal structure was controlled by thermal
treatment. Unoriented form I was produced by rapid quenching from
the melt at 75 °C to room temperature, while form II was produced
by slow cooling at approximately 1 K/min. The correct polymorphic
forms were confirmed by DSC experiments on the studied samples,
with the expected result of their different melting points of 62 °C for
form I and 71 °C for form II, see the Supporting Information (SI),
Figure S1. To avoid a possible phase transition from form I to form II
at high temperatures, measurements of form I were restricted to
temperatures below 65 °C. SAXS data showed that the crystal lamellar
thicknesses of both form I and form II were approximately the same.”
2.2. Crystallinity from "H NMR FIDs. 'H time-domain NMR
experiments were conducted on a 200 MHz Bruker Avance III
spectrometer, using a static probe head with a short dead time of 2 .
The temperature was controlled during the experiment by heated or
cooled air flow, operated using a BVT300 unit with an accuracy of +1
K and a gradient up to 0.5 K over the sample. Stepwise heating was
applied to realize Figure 1, with an additional 10 min of equilibration
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Figure 1. Decomposition of the 'H NMR FID signal of PE21Br form
I measured at 42 °C.

time before each NMR-FID measurement. The 90° pulse length was
set to about 2 us (corresponding to a power of 70—80 W). The
recycle delay was set between 4 and 10 s, approximately S times the
'H T,-relaxation time of the crystalline domain, to ensure complete
relaxation of the sample. The crystallinity of the samples at each
temperature was determined based on the strong 'H—'H dipole—
dipole couplings in the crystalline phase and their averaging by fast
segmental dynamics in the amorphous phase. In this way, the FIDs
feature 3 distinguishable T, components featuring fast, intermediate,
and slow dipolar dephasing, associated with the crystal, interface, and
amorphous fractions, respectively. The fitting equation based on this
concept reads'”

@, S0y Ty g e
b-t 1 a

(1)
where t is the acquisition time, A ;, are the amplitudes of the
corresponding decaying components, T5;,, and v,; are the shape
parameters (apparent T, and stretching exponents v of the more
mobile components), while a and b are the shape parameters of the
crystalline part, where the so-called Abragamian function works well
for polymers with only CH, groups along the main chain. From
parameters a and b, the second moment of the proton line width in

Lp(t) = A
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Figure 2. (a) Crystalline fraction (left scale) and the second moment M (right scale) as a function of temperature for both forms of PE21Br from
'"H FID measurements. (b) Normalized crystalline components of "H FID signals with temperature variations after subtraction of fitted amorphous

and interface components.

the crystal can be obtained as M5! = a* + b?/3. It reflects the proton
density and possibly a small extent of averaging by fast local motions.
Moreover, the magic and polarization echo (MAPE) pulse sequence
was applied with a filter duration ranging from 0.4 to 0.7 ms to
selectively attenuate the crystalline signals, facilitating component
fitting and decomposition analysis.'®'® Figure 1 shows a representa-
tive example of MAPE and FID curve fitting for PE21Br of form I
measured at 42 °C. The mass crystallinity was calculated according to

A
'f-C = A -
A+ A, 2)

2.3. '*C MAS NMR Spectroscopy. All *C magic-angle spinning
(MAS) measurements were conducted on a 400 MHz Bruker Avance
III spectrometer with a *C Larmor frequency of 100.6 MHz using
double and triple resonance magic-angle spinning (MAS) probes at a
spinning frequency of 10,000 + 3 Hz. The 7/2-pulses power used was
set to 40 W for 'H and 140 W for *C, with corresponding pulse
lengths of approximately 3 us. '*C cross-polarization (CP) spectra,
which are the results of polarization from 'H to *C, were employed
to enhance the weak "*C intensity. Due to the reduced efficiency of
"H—"3C polarization transfer for mobile chains, a short contact time
(CT) of 0.01 ms was used to suppress the contribution from
amorphous domains in the spectra. *C direct polarization (DP)
spectra with a short recycle delay (RD) were used to selectively detect
mobile groups within the sample, setting RD to 1 s, ensuring that only
signals with C T)-relaxation shorter than 1 s, corresponding to
mobile chains, were detected.

2.4. 3C T,-Relaxation and Diffusive Exchange. The *C T-
relaxation times provide crucial insights into the molecular dynamics
of the chain segments. In this work, the '*C T,-relaxation
measurements were performed using Torchia’s z-filter pulse sequence
applied to the 3C channel after CP.>° This method ensures that the
signal decay, represented by I, reaches a well-defined zero intensity.
The observed signal decay can reflect either exponential T)-relaxation
or a diffusive process. The latter arises when chain motion transfers
magnetization from crystalline regions to the amorphous phase, where
T,-relaxation is almost instantaneous.”®> A key signature of such
diffusive behavior is a linear decay when the data are plotted as a
function of the square root of time, \/T. To distinguish between
diffusive and exponential relaxation, the decay function (1 — I/I;)
can be analyzed on a double-logarithmic scale against 7.* In this
representation, a power-law decay with an exponent of 1/2 serves as
an indicator of diffusive behavior, while the linear 7-dependence
corresponds to exponential relaxation in the short-time limit. This
approach provides an effective method of identifying and quantifying
contributions of chain diffusion and T-relaxation.

2.5. Motional Amplitudes from *C—"H DIPSHIFT NMR. The
3C-detected dipolar chemical-shift correlation (DIPSHIFT) experi-
ment,”" which is applicable under high-resolution MAS condition, was
utilized to measure the strength of the static '*C—"H heteronuclear
dipole—dipole couplings (D,) and motionly reduced residual coupling
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constant (D,), provided that the rate of motion exceeds the static-
limit coupling constant D¢y &2m X 21—22 kHz for a CH,, which, in
the case of uniaxially symmetric dynamics is commonly described by a
dynamic order parameter S = D,,/D, that describes motion
amplitudes.”® The potentially reduced D, reflects the amplitude of
fast orientation fluctuations of the CH bonds in the CH, group with
correlation times significantly below the inverse Dy, i.e., 10 us or
lower.”® Unlike the 'TH—'H homodipolar coupling case, the influence
of interchain couplings to remote protons is much weaker; the
experiment thus provides rather local information. DIPSHIFT
modulation curves, with the modulation time ¢, varying between 0
and the rotor period T, were acquired for the crystalline CH,
resonance positions using the pulse sequences described in previous
works””*® using an initial CP and Lee—Goldburg homodecoupling. In
this work, to extract the D, of the CH, group, the intensity
modulation of the CH, group was fitted using an analytical solution
for CH, groups.”

2.6. Correlation between '3C T,-Relaxation and Order
Parameter S. The T, -relaxation times provide crucial insights into
the molecular dynamics of CH, units in crystalline domains and are
closely linked to the dgnamic order parameter S derived from
DIPSHIFT experiments.’”>" The relationship between T;-relaxation
and S can be understood through spectral density function J(®),
which describes the frequency dependence of molecular motion. For
motion amplitude characterized by S and a correlation time 7, the
spectral density is expressed as

J@) = (1 - $)—=—

1+ (w7) (3)

where o is the Larmor frequency and 7, represents the time scale of
molecular motion. The T-relaxation is inversely proportional to the
relaxation rate, which depends on contributions from the spectral
density function at different frequencies. For a heteronuclear dipolar-
coupled system featuring a single motional process, T; can be written
as

1
- MZCHU(CUC - wy) + 3J(wc) + 6(wc + wy)]

L
(4)
where M5™ is the dipolar coupling second moment, and @ and wy
are the Larmor frequencies of *C and 'H, respectively. The terms
J(wc — wy), J(wc), and J(wc + wy) represent spectral densities at
specific frequencies, corresponding to the dipolar interactions. The
MEHZ for CH, group can be calculated as

o

CH.
M, A
S r

(8)
where yZ and 7y are the gyromagnetic ratios of *C and 'H, # is the
reduced Plank constant, and r is the C—H internuclear distance. For r
= 1.08 A, MSHZ evaluates to 4.2 X 10" s72,

Higher S-values, corresponding to more restricted molecular
motion, result in longer T)-relaxation times, while lower S-values,

https://doi.org/10.1021/acs.macromol.5c00349
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indicative of greater motion amplitudes, yield shorter T, values. The
given relationships enable the estimation of T)-relxation times based
on S-values obtained from the DIPSHIFT experiment. In this study,
the experimentally measured T, values were compared with
theoretical approximations derived from the single-motion spectral
density function and the corresponding S-values.

2.7. 13C T, after 'H Spin Diffusion. The Goldman-Shen (GS)
dipolar filter experiment’” was performed to investigate crystal surface
segments by using T,y filtering to suppress the strongly dipolar-
coupled crystalline signal, and 'H spin diffusion to transfer 'H
magnetizations from amorphous domain into crystalline surface,
followed by cross-polarization to '*C. During the T, filter, which had
a duration around 0.4 ms, the C—'H dipolar interaction was
decoupled by irradiation on the '*C channel. The 'H spin diffusion
time (after the T,y filter, and before cross-polarization) ranged up
from 1 ms to 1 s. Afterward, cross-polarization from 'H to *C was
performed to observe the '*C signal and to study its T} relaxation
decay using Torchia’s pulse sequence. To avoid too-strong averaging
of the "H—"H dipolar couplings, these experiments were conducted at
a moderate MAS rate of S kHz.

3. RESULTS AND DISCUSSION

3.1. Crystallinity. The crystallinity of both forms of
PE21Br was investigated by using 'H FID measurements.
Figure 2(a) shows the crystallinity and the related dipolar
second moment (M,) of both forms as a function of
temperature. Both forms exhibit crystallinity below 55%,
which is significantly lower than typical semicrystalline PE
(usually 70—80%),”** highlighting the substantial impact of
the precision inclusion of Br atoms on PE crystal formation.
Previously, Zhang et al.” found by SAXS that both forms have
core crystal thicknesses of ~120 + 10 A with long spacings of
~230 + 10 A, resulting in “linear” crystallinities of around
~52%, consistent with our 'H FID measurements. When
comparing the two forms, form II shows slightly higher
crystallinity than form I. While systematic errors related to the
fitting are estimated to about ~5%, we consider the 2—3%
differences significant. In previous work,” a higher DSC
melting peak in crystallized samples of form II compared to
form I implies a more stable phase, and suggested that form II
may have thicker crystallites than form I. Nevertheless, both
forms have comparable M}, indicating similar packing
environments.”"®

The gradual decrease in M, with increasing temperature
reflects lattice expansion, typically indicating the absence of
fast intracrystalline chain dynamics (ICD) up to 0.2 ms.***’
Compared to semicrystalline PE (ML = 12,600—13,000 ms™2),
the M5! of PE21Br is significantly lower, as shown in the SI,
Figure S2.* This reduction is due to the structural impact of
Br substitution. Although Br is only present at every 21st
carbon, its bulkiness increases the unit cell dimensions and
"H—'H distances, weakening dipolar couplings and reducing
local proton density.”® These factors contribute to the
significantly lower M, value in PE21Br. The much lower M,
in PE21Br compared to PE also suggests that the chain packing
in PE is much more efficient than in PE21Br, explaining the
lower melting temperature of PE21Br."’ Figure 2(b) shows
normalized "H FID crystalline lineshapes with temperature,
probing for ICD typically observed in semicrystalline
PE.'®!7?33%3¢ The minimal changes in lineshapes also suggest
no fast ICD, only small-angle vibration and thermal
expansion.”*> Given the low crystallinity and temperature
sensitivity shown in Figure 2(a), it is further suggested that
neither form exhibits ICD on fast time scales.'®'”** To further
investigate chain dynamics at slower time scales and local
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vibration motion in both forms, we conducted several *C

MAS NMR experiments.
3.2. Assignment and Analysis of '3C MAS Spectra in

PE21Br Polymorphs. Prior to investigating chain dynamics,

Form I at 42°C
—— Form II at 43°C

inner-CH,

crystal

1 Contact time: 1.0 ms

N

a B B a
-[-CH,-CH,-[CH,],-CH,-CH,-CHBr-]- amorphous
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a-CH,
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crystal  amorphous
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60 50
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Figure 3. *C CP MAS spectra with a 1.0 ms contact time for PE21Br
form I and form IL

it is essential to assign BC resonances. Figure 3 compares the
3C CP MAS spectra between the two polymorphic forms of
PE21Br. The '*C assignments are based on previous
studies,”*"* where the CH, group adjacent to CHBr is labeled
as a-CH, and the subsequent CH, group is labeled as -CH,.
These assignments are further confirmed by CP contact time
variations and comparisons of CP and DP spectra shown in the
SI, Figures S3 and S4, respectively. The crystal and amorphous
peaks of each C site are distinguished by the y-gauche
effect.’” The amorphous peaks of both forms remain constant,
while differences in the crystal peaks of a-CH, (a-CH,,) and
CH (CH,) highlight the dissimilarity in the crystalline chain
structures between the two forms. The differences in the a-
CH,. and CH_ between the forms are attributed to the
presence of gauche conformations adjacent to the Br atom in
form 11, whereas form I exhibits an all-trans conformation.'*
The shifts of the crystalline inner-CH, (inner-CH, ) peaks are
identical in both forms, indicating that the inner-CH, in both
forms maintain the same all-trans conformation.”'® The
consistency of the amorphous peaks further supports the
previous differentiation between crystalline and amorphous
peaks.”"® With the '*C peaks now identified, an investigation
into the crystalline chain dynamics of both forms can proceed.

3.3. Vibrational Motion Amplitude in PE21Br Crys-
tals. The DIPSHIFT experiment”' was utilized to assess the
submicrosecond time scale local vibrational amplitudes of the
CH,, groups in PE21Br crystal chains by measuring the
motionly reduced residual dipolar coupling constant, D, An
analytical solution, detailed in Hackel et al.”” was used for the
fits as shown in the SI (Figure SS) to extract the D, values for
both forms. A lower D, value indicates a greater vibrational
motion amplitude. To facilitate interpretation, the D, values
were normalized against the rigid-limit dipolar coupling
constant, D, measured for the CH, group of crystalline glycin
under the same conditions, as shown in Figure S6(a), yielding
the dynamic order parameter, S. Figure 4 shows the S values of
(a) inner-CH, and (b) a-CH, . of both forms, with the results
compared to the previously published data on HDPE from
Barenwald et al,*® see also Figure S6(b).

The results indicate that inner-CH,. in form II exhibits
higher S values compared to that in form I across all
temperatures, suggesting less vibrational motion in inner-

https://doi.org/10.1021/acs.macromol.5c00349
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The as-measured relaxation decays are shown in Figure S7.

CH,, of form II than form I. We expect that the lower motion
amplitude of the crystalline stem of form II contributes to its
higher melting point. Both S values decrease with increasing
temperature, which is typical, as thermal energy enhances local
mobility.”® In comparison, the crystalline CH, (CH,.) of
HDPE exhibit higher S values than inner-CH, . of both forms
at all measured temperatures. This indicates that the CH,,
segments in HDPE have a lower vibrational motion amplitude
compared with those in the PE21Br forms. This reduced
vibrational motion in HDPE may be attributed to its highly
packed crystalline structure,"® which correlates with the
significantly high M3 in Figure S2, resulting in more restricted
vibrational freedom of the chain.

Notably, Figure 4(b) indicates that the a-CH, . of form II
has a higher and nearly T-independent S than its inner-CH,
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counterpart, actually close to the HDPE value. The lower
vibrational motion amplitude of a-CH, . likely results from the
highly ordered gauched-adjacent Br layers in its herringbone-
like crystalline structure, which created more restricted space
and simultaneously leads to lower vibrational amplitude on the
inner-CH, segments.(”w’15 The relatively low vibrational
amplitude observed in form IIs crystalline chains also suggests
better crystal packing. As for the all-trans crystalline structure
of form I, the vibrational motion is distributed more
homogeneously along the stem in the long unit cell. Although
the final two data points of @-CH, . appear to show a slight
upturn in S, we attribute this to experimental uncertainty
rather than a physically meaningful increase. This observation

underscores the influence of chain conformation on the
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Figure 6. *C T-relaxation times for inner-CH, . of (a) form I, (b) form I, and (c) a-CH,, of form II, along with their respective BC T,-relaxation
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S7(a,b,d). The T represents *C T)-relaxation times less than 1 s, associated with more mobile chains, while T} refers to '*C T)-relaxation times
greater than 10 s, corresponding to rather rigid chains (i denoting intermediate).

distribution of local vibrational motion amplitudes along the
crystallite stem.

3.4. Local Mobility and Interface Analysis in PE21Br
Crystals. The presence of the ICD, which results in chain
sliding diffusion between the crystalline and amorphous
regions, can be detected via '>C T,-relaxation measurements.
In case where chain diffusion occurs, the '*C T, decays linearly
with the square root of time in the initial phase, following a 1D
free-diffusion model.>***™*' In contrast, in nondiffusive cases,
the '*C T, decays exponentially.”> In our previous work,”* we
demonstrated a simple approach to distinguish between
exponential and square-root decay. In the case of 1D free-

diffusion, the initial decay can expressed as****~*'
I 2D
T =1- —JT
IO dc (6)

where I(7)/I(r = 0) is the normalized decay intensity and D is
the diffusion coeflicient of the chain along the stem direction.
For analysis purposes, this can be rewritten as

V2D
d, (7)

This forms the basis for a log—log plot, which would reveal the
1/2 power-law exponent in the initial slope in the diffusive
case. Figure S shows log(1 — (I,/I,)) versus log(z) plots for
the inner-CH, . and a-CH, . of both forms, extracted from T'-
relaxation measurements (see the SI, Figure S7, for the as-
measured relaxation decays). All plots feature initial slopes
rather different from 0.5 and near to 1, indicating a near-
exponential decay and the absence of chain diffusion in the
crystallites of both forms.”* To be sure that a potential diffusive
process is not masked by the comparably (and surprisingly)
short T, relaxation times of the crystalline carbons (to be

logf 1 L —11 +1
og|]l — —|=—logt+ 1o
8 I, 2 ] )
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addressed below), we have conducted *C 2D exchange NMR
experiments, see Figure S8. No exchange peak between the
crystal and amorphous peaks of inner-CH, in both forms could
be detected, further confirming the absence of chain diffusion
and designating these as crystal-fixed polymers. This correlates
with the low crystallinity observed in Figure 2(a), a
characteristic typically found in crystal-fixed polymers.'®'”
Since there is no detectable ICD in both forms, we now
proceed with a more detailed analysis of the T, decay in these
crystallites.

In a rigid semicrystalline system, *C nuclei within the
crystalline domains typically exhibit T)-relaxation times longer
than 10 s (T);), with small contributions from interface region
or crystallite surface, where T ranges between 1 to 10 s (T ;).
In contrast, *C nuclei in the amorphous domains, charac-
terized as mobile chains, have T values shorter than 1's (T, ).
Figure 6 displays the *C T)-relaxation times found in inner-
CH,, (panels a and b), along with their respective fractions
(panels d and e) for both forms. Here, the subscript “c”
denotes crystalline peaks; for example, T, and f,, represent
the long T)-relaxation component and its corresponding
fraction in the crystal.

Surprisingly, the T,  component associated with a
dynamically modified population was also detected in inner-
CH,,. in both forms, together with appreciable fractions of f.
The rapid magnetization decay associated with T, can be
seen from the unprocessed data in the SI, Figure S7, and is also
evident in DP experiments with a 1 s recycle delay in Figure
S4, which is atypical for semicrystalline polymers. Additionally,
the fraction f,. increases with temperature in both forms
indicating that more inner-CH, units exhibit unusually high
fast small-angle mobility at elevated temperatures. Notably, no
T)). was detected in inner-CH,  of form II, suggesting the
complete absence of the expected rigid environment in this

https://doi.org/10.1021/acs.macromol.5c00349
Macromolecules 2025, 58, 3849—3859


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00349/suppl_file/ma5c00349_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00349/suppl_file/ma5c00349_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00349/suppl_file/ma5c00349_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00349/suppl_file/ma5c00349_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00349/suppl_file/ma5c00349_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00349?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00349?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00349?fig=fig6&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00349/suppl_file/ma5c00349_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00349/suppl_file/ma5c00349_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00349/suppl_file/ma5c00349_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00349?fig=fig6&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c00349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

chain region, a point that will be further discussed later. While
we carefully analyzed the multiexponential fits to obtain
estimates of the size of the populations and their associated T,
we acknowledge potential overfitting on inner-CH, . of form I
in Figure 6(a,d). Therefore, a detailed comparison between
biexponential and triexponential fits of inner-CH,  is provided
in the SI, Figures S10—S12. In summary, the residuals from
triexponential fits are consistently lower and thus meaningful
across all temperatures, demonstrating a better fit. The validity
of the temperature-dependent trends in f. populations, which
are subjected to concerns regarding potential fitting artifacts, is
also addressed in Figure S12. We should of course be aware
that our finite-components fitting may just be a para-
metrization of a distribution of unknown shape.

3C T,-relaxation measurements of the a-CH, peak,
presented in Figure 6(c/f), also detected short T, in both
forms. To streamline the discussion, form II is here
emphasized, as the trends and behavior observed for form I
are consistent with those of form II (see Figure S9 for results
on form I). Notably, similar to inner-CH,, of form II, no T,
population was fitted for @-CH, . in either form, indicating that
the a-CH,. always features a distinct level of vibrational
motions. When comparing the T . values of a-CH, . in Figure
6(c) with those of inner-CH,. in Figure 6(ab), a-CH,,
generally exhibits shorter T-relaxation times, suggesting faster
molecular mobility in a-CH, . Additionally, both forms show
that the fraction f,. of @-CH, remains relatively constant upon
heating. The insensitivity of f,. and f;. to temperature for a-
CH,, further supports the exclusion of ICD, as f, would
typically increase with heating if ICD were present.

The apparent insensitivity of T values to temperature in
Figure 6(a—c) raises concerns about the reliability of the
analyses, as T, is expected to exhibit a temperature
dependence. Furthermore, tentatively associating shorter T
values with increased (faster) vibrational mobility requires that
the T, values lie within the slow-motion branch of the
dependence of T, on correlation time 7. (see eq 3), i.e,, heating
should lead to decreasing correlation time and thus shorter T.
This issue can be addressed by calculating the rate-averaged
relaxation times (T ), which better reflect the collective T, .
behavior and indeed do reveal temperature-dependent trends
that are otherwise obscured by the distribution of T,
populations. This is shown in the SI, see Figure SI3.
Additionally, the trends in (T ) also support the observation
that a-CH, . generally exhibits shorter T;-relaxation times than
inner-CH, . in both forms.

The absence of T, in form II, despite its higher order
parameter S compared to that in form I, initially appears
inconsistent. The DIPSHIFT measurements in Figure 4
showed that form II has a higher S, and the S for a-CH,_ is
even higher than that of inner-CH, .. However, their T, . values
in Figure 6 exhibit the opposite trend. To clarify this, possible
T, ranges were estimated based on a single-motion model and
the S values measured by DIPSHIFT. We stress that the lack of
physical insight into setting up a specific motional model and
the lack of a wider range of data (e.g, field-dependent T,
results) necessarily restrict the discussion to the use of a single-
motion model. This appears justified also in view of the rather
small motional amplitudes, as reflected in the high S values.

The results shown in the SI, Figure S14, demonstrate that all
the detected T, . populations fall within the expected range
despite rather high order parameters if only the correlation
times are varied between a few hundred down to about 1 ns,
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confirming consistency with the measured S values. While we
are not able to judge a possible gradient of order parameters,
these evaluations clearly show that the detected short-T,
populations indeed lie near the T| minima of the small-angle
vibrational motions with 7, in the 1 ns range, explaining the
weak temperature dependence observed in Figure 6, which is
more evident in (T, ) rather than in individual T,
populations. Notably, the regions with long T,; have much
longer apparent 7. into the ys range, i.e., rather slow for actual
elastic vibrations. Thus, the observed small-angle motions are
likely collective motions comprising a larger number of
carbons. We can also envision a convection of conformational
defects into the crystalline stems (ultimately being responsible
for the ICD process in, e.g, PE) that would not propagate
along the whole stem but return to the originating fold surface
and be annihilated there.

While these insights provide a detailed picture of the
complex local dynamics within the crystalline regions, the
experiments capture only the behavior of the polymer chains
across the whole crystal. The coexistence of crystalline chain
parts with widely different T, associated with different
vibrational correlation times, remains a peculiarity that to
our knowledge has not been observed before. To obtain a
more comprehensive picture of the overall chain dynamics in
their semicrystalline structure, detailed investigation on the
interphase region between the crystalline and amorphous
regions is required, as these areas often exhibit significant
dynamics, which plays a crucial role in influencing the
material’s overall properties. We have thus performed 'H
dipolar filter experiments so as to check the possibility that the
observed dynamic inhomogeneity may arise not from the
variation within the unit cell (which can be excluded on the
basis of comparing inner-CH, . and a-CH, . showing similarly
distributed T,), but from the variation along the crystalline
stem away from the fold surface.

To investigate the local chain dynamics close to the
interface, the *C T)-relaxation measurements were performed
on the interface-dominated signal using the Goldman-Shen
(GS) dipolar filter experiment. This experiment filters out the
crystalline signal and then allows the 'H magnetization to
diffuse from the amorphous region into the near-surface
crystalline region for certain amounts of time, as detailed in the
SI, Figure S15. Figure 7(a) shows the *C T)-relaxation results
of near-surface-dominated spectra produced by the GS-dipolar
filter at 40 °C, compared with the unfiltered *C T)-relaxation
decay at 42 °C, which correspond to the total inner-CH, in
the crystalline phase. The results show that the GS-filtered T,
on inner-CH, . are strongly biased toward shorter T}, where a
short CP of 0.1 ms was used to ensure locality of the
measurement and that we are probing the crystal domain as
reflected by a high order parameter S. In this way, we can
prove that the inner-CH, in unit cells near the interface are
the ones that feature the surprisingly short T, values. It is
worth noting that the interphase region likely exhibits a
gradient in local chain mobility rather than a single uniform
environment. Nonetheless, the distinctly shorter T relaxation
observed in our GS-filtered data confirms that, on average, the
interface segments are significantly more mobile than the
interior crystalline stems. This conclusion is robust despite the
possibility of some local dynamic heterogeneity in fold-surface-
related motions. On the side, we note that the small-angle
motions retain a high level of interproton dipolar couplings
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Figure 7. Goldman-Shen dipolar-filter-based '*C T)-relaxation
measurement of crystalline inner-CH, near the fold surface of form
I at S kHz MAS with CT = 0.1 ms and a spin diffusion delay of 10 ms.
The result is compared with the significantly slower '*C T)-relaxation
of the whole crystal from Figure SS(a).

and thus do not modify the spin diffusion process in any
significant way.

3.5. Schematic of Local Chain Dynamics in PE21Br
Polymorphs. Combining the DIPSHIFT and T,-relaxation
analyses, which are associated with local chain motion
amplitudes and mobility, respectively, provides a complex
picture of the overall local chain dynamics in the crystalline
regions of both forms. This complexity arises from the
superposition of signals from individual *C atoms within the
crystal structures. Therefore, a step-by-step interpretation,
from CH, to whole-lamella scale, shall be provided. To aid in
this explanation, a simple schematic illustrating differences in
local dynamics of both forms, involving both amplitudes and
time scales of motion, is shown in Figure 8.

Form I Form II

Figure 8. Schematic representation of local dynamics on the lamellar
scale for (a) form I and (b) form II, with red circles corresponding to
Br atoms. Dark-blue areas indicate regions of faster mobility
(nanosecond scale), while white areas represent slower mobility.
The wider the colored area, the greater the motion amplitude.

At the monomer scale (forming the unit cell of 21 carbons
length), based on DIPSHIFT measurements in Figure 4(a,b),
both forms exhibit different distributions of motion ampli-
tudes. In form I, the motion amplitudes are distributed
homogeneously along the length of the monomer, whereas in
form II, they decrease near the gauche conformers (having a
higher-order parameter). In Figure 8, this is illustrated by the
size of colored areas: in form I, the size of colored area along
the chain is uniform, while in form II, an oval-shaped colored
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area represents the reduced motion amplitude near the gauche
conformers. Based on the temperature dependence of S, the
colored areas in both forms should widen with heating, except
near the gauche conformers in form IIL

Moving to the T'-relaxation analyses in Figures 6 and 7 that
have been shown to be more sensitive to the time scale of
motion, both forms show shorter T for a-CH, compared to
inner-CH, .. This indicates that the local dynamics of the outer
carbons in a monomer, particularly near the Br atoms,
generally have a faster vibrational mobility than those of the
inner monomer segments. In Figure 8, this is represented by
the more intense blue color near the Br atoms, indicating
greater mobility compared to the more sluggish monomer
center. This monomer-scale dynamic heterogeneity can be
compared to the observations local and collective motion
reported by Wei et al,”> who described twisting-like motions
along a PE backbone with regularly spaced methyl groups, a
structure quite similar to PE21Br. Interestingly, Wei et al.””
observed that the motion amplitude is smaller at the monomer
center and decreases as the length of the all-trans CH, segment
increases, which is contrary to our case, where the amplitude is
larger (order parameter is lower) in the monomer center.
Thus, the chemical nature of the precisely placed “defect” plays
a nontrivial role.

At the crystalline lamellar scale, the different crystalline
chain structures of the two forms feature distinct local
dynamics. In the all-trans crystalline structure of form I, the
BC T)-relaxation based on the Goldman-Shen dipolar filter in
Figure 7 reveals that monomers close to the fold surface exhibit
local mobility faster than that in the lamellar core. This
suggests that the time scale of locally detected but likely
collective motion decreases toward the crystal core, causing
inner-CH, groups located at the core to become apparently
more rigid, explaining the long detected T'). in inner-CH, . In
contrast, form II exhibits a qualitatively different local chain
mobility profile. Its herringbone-like crystalline structure,
where the monomer units are tilted in alternating directions,
does not support a gradual decrease in the time scale of
collective vibrations but enables faster vibrations (curiously
associated with smaller angles, i.e., higher-order parameters)
around the gauche conformers. In Figure 8, the reduced blue
intensity toward the crystallite core in form I represents
increasingly slow collective vibrations, while in form II, the a-
CH, feature faster local vibrations all along the stem.

Based on the observed temperature dependencies of T in
Figure 6, the inner-CH, groups speed up more with heating as
compared to the a-CH, groups near Br atoms. In Figure 8, this
means that in both forms, the blue intensity at the monomer
center should increase with heating, while the blue color near
Br remains more constant. An analysis of these observations in
terms of possible phonon excitations in this interesting class of
materials would be highly worthwhile, but is beyond the scope
of this work.

4. CONCLUSIONS

In conclusion, our study reveals subtle differences in crystal
packing with distinct local chain dynamics between the two
forms of PE21Br, which were formed at different cooling rates.
'H FID measurements show that form II, containing gauche
conformations, exhibits slightly higher crystallinity than form I
This finding supports a possibility of thicker crystal lamella in
form II, as suggested in previous studies."”'> Additionally, both
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forms exhibit significantly lower crystallinity compared to
typical PE, emphasizing the pronounced effect of low but
precise Br incorporation in hindering crystallization. The
minimal changes observed in the normalized 'H crystalline
lineshapes with temperature suggest only very restricted
movement of the crystal chain stems and an absence of fast
intracrystalline chain diffusion, correlating with reduced
crystallinity and pronounced decrease with temperature,
which is typically observed in crystal-fixed polymers.

Measurements of dynamic order parameters S based upon
BC—'H dipolar couplings reveal that form I displays
homogeneous vibrational motion along the chain stem, while
form II shows a more uneven distribution of motion
amplitudes. Specifically, the order parameter of the a-CH,
groups in form II is notably lower than that of the inner-CH,
groups, suggesting greater rigidity near the gauche conformers.
This complex distribution of motion in the herringbone
structure underscores the influence of the gauche conformers
in the herringbone structure on the local dynamics and the
impact on macroscopic properties, such as the melting point.

Analyses of *C T-relaxation decays provide valuable insight
into the chain dynamics within the crystalline regions of both
forms. Log—log analysis of the normalized signal decay, log (1-
I(r)/I(z = 0)), confirms the absence of slow intracrystalline
chain diffusion that could be relevant on the time scale of
lamellar growth, a feature characteristic of crystal-fixed
polymers, consistent with observation from 'H FIDs. This
highlights the substantial impact of low but precise Br
substitution on hindering chain sliding between the crystal
and amorphous regions, typically observed in PE.

A closer look at the crystal-related **C T)-relaxation decays
reveals a multicomponent nature with a surprisingly short T
population in the second range, not typically found for
polyethylene-like polymer crystals. '*C T)-relaxation decays
detected after a 'H dipolar filter of the mobile-phase signal and
a short spin diffusion delay reveal that these short-T,
populations are preferentially located close to the fold surface
of the lamellae. Model calculations of the T,-relaxation times
reveal that the short-T| populations can be reconciled with
high local order parameters, being related to ns-time scale
motions near the T, minimum, while its temperature
dependence reveals that the related process is much slower
for the longer-T, populations.

Taking these findings together, the overall picture of the
dynamics is complex and features rather nonintuitive relations
of the amplitude of motion and its time scale. In all-trans form
I, the order parameter decreases with heating. The motional
correlation time ranging from the ys to the ns range features a
gradient toward slower motion from the fold surface into the
interior of the lamellae but without large variations across the
long monomer unit. In contrast, in form II the a-CH, groups
near the gauche conformers exhibit a comparably high and T-
independent order parameter and show lower T, and thus
overall faster small-angle mobility than the long CH, stretches
in the monomer center. Again, the correlation time shows a
gradient toward the lamellar center, with even less segments
featuring the long T, typical for pure PE crystals. These
observations stand in notable contrast to an earlier study of fast
motions in precision PE with methyl groups instead of
bromine,”> where the defect sites showed substantially
increased rather than decreased motional amplitude.

Our findings underscore the intricate, nontrivial relation-
ships between chemical modifications, crystalline structures,

and the local as well as chain dynamics in PE-like materials, as
also highlighted by earlier NMR studies of precision
polyesters.” We expect such complex dynamics to impact the
physical and mechanical properties of these materials, which is
illustrated by the melting points of forms I and II, which differ
by about 10 K despite the very similar morphologies
(crystallinity, long spacing). Mechanical testing was so far
not possible due to the currently available low quantities of
these materials. In view of the growing importance of PEs with
sparse comonomers enabling better recycling,”'’™'* these
complex changes deserve closer scrutiny in the future. The
suite of advanced NMR methods can be straightforwardly be
applied to other polymorphic polymers such as precision
polyacetals® or long-spaced polyesters and polycarbonates.™"
As an outlook, first results on randomly carbonyl-modified
PE' indicate that the intracrystalline chain diffusion is
retained in this case. This will be the subject of our
forthcoming work.
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