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ABSTRACT Stereo-regularity significantly influences the crystallization, mechanical and thermal 

properties of polymers. In this work, we investigate crystallization behaviors and molecular dynamics of 

atactic (a)-, isotactic (i)-, and syndiotactic (s)-hydrogenated Poly(norbornene) (hPNB)s by using small 

angle X-ray scattering (SAXS) and solid-state (ss) NMR. a-hPNB exhibits a much higher crystallinity 

(Φc) (82%) and Long period (L) (80 nm) than i- and s-hPNB (50–55% and 17–21 nm). Moreover, in the 

s-hPNB crystalline region, chain dynamics are not thermally activated up to the melting temperature 

(Tm) while in the crystalline regions of i- and a-hPNB, small amplitude motions occur in a slow 

dynamic regime of 10-2–102 s. The molecular dynamics follows Arrhenius behavior in a-hPNB up to 

crystal-crystal transition temperature (Tcc), while these dynamics are surprisingly saturated in i-hPNB 

under these conditions. Temperature dependence of the molecular dynamics leads to different crystal-

crystal transitions between i- and a-hPNBs: i-hPNB changes trans conformation to gauche one due to 
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the localized bond rotations where chain dynamics are restricted, whereas a-hPNB keeps a nearly trans 

conformation and conducts fast chain dynamics due to the amplified C-C bond rotations in the high 

temperature phase. Such fast chain dynamics leads to unique crystallization behaviors of hPNB, 

specifically in atactic-configuration due to configurational disorder coupled with conformational 

flexibility (CDCF). 

 

1. INTRODUCTION 

Weaving macroscopic properties with hierarchical structure into semicrystalline polymers is one of 

ultimate goals for polymer science. In ideal cases, polymer crystals possess three-dimensional long-

range order; however, with most polymer crystals containing physical and/or chemical disorder,1-4 

degrees of crystal order as well as mechanical and thermal properties lessen. On the other hand, some 

polymer crystals benefit from this disorder, leading to structural evolutions and improvements in the 

properties of semicrystalline polymers.5-8 Examples of such cases include the following:  polyethylene 

(PE) which under high pressure and high temperature forms extended chain crystal (ECC)s,5,6 1,4 trans-

polybutadiene (1,4-tPBD) which experiences a sudden increase in lamellae thickness in the high 

temperature phase,7 and poly(tetrafluoroethylene) (PTFE) which shows extremely high orientation at 

high temperature.8 In these cases, phase transition commonly induces rotational disorder which 

accompanies fast and anisotropic chain dynamics concomitant with translation along the chain axis.9-

12Such anisotropic and rapid chain dynamics are the genesis for unusual structure evolutions of  

semicrystalline polymers.5-8  

Stereoregularity is a crucial  element in polymer chemistry because of its immense impact on 

crystalline order,12, 13 lamellae thickness,14 Tm,14 and mechanical properties.15 Lowering stereoregularity 

leads to imperfection in polymer crystals,13 with random configurations adopting  non-crystalline or low 

crystalline states.16-18 With regards to the effect configuration traditionally has on solid structures, we 

will present an opposite scenario: A stereo-irregular polymer with higher crystallinity and  larger long-
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period compared to the stereo-regular counterparts. Given previous examples, it is clear that fast and 

anisotropic chain dynamics coupled with structural disorder is critical to enhancing crystallinity,5-7 

lamellae thickness,5-7 and molecular orientation.8 Here, a novel structural disorder of “configurational 

disorder coupled with conformational flexibility (CDCF)” is proposed. The idea is grounded on 

incorporating a flexible unit within the polymer backbone. To this end, we will focus on plastic crystals 

such as adamantane,19 cyclohexane,20 cyclopentane,21,22 fullerene,23, 24 etc, which experience some 

rotation of freedom in the crystalline state. Specifically, cyclopentane and cyclohexane adopt non-planer 

(puckered) rings and thus gain additionally conformational flexibility (C-C bond rotation) in the solid 

phase.20-24 Previously, cyclopentane rings have been successively embedded in a polymer backbone.25-28  

atactic-hydrogenated Poly(norbonene) (a-hPNB) was synthesized via hydrogenation of PNB samples.26 

Interestingly, a-hPNB can crystallize efficiently (76%) into a monoclinic lattice with a = 6.94, b = 9.60, 

c = 12.42 Å, β = 130.7° and   = 1.019 g/cm3.26 This crystal experiences crystal-crystal transition into 

the monoclinic lattice without lateral order at crystal-crystal transition temperature (Tcc) of 105 °C26 and 

long-period (L) reaches ~ 90 nm by annealing above Tcc.28 Building on this discovery, isotactic (i)- and 

syndiotactic (s)-hPNBs were recently synthesized with meso (m) of 100% and racemo (r) of 90%, 

respectively, at the diad level.29  A set of s-, i-, and a-hPNBs may be an ideal system to identify the 

importance of CDCF in the crystallization of semicrystalline polymers.  

In this work, we investigate the crystallization process for s-, i-, and a-hPNBs via solid-state (ss) 

NMR spectroscopy and Small Angle X-ray Scattering (SAXS). First, we will demonstrate that the 

atactic-polymer contains a substantially higher degree of crystallinity and greater long period than 

comparable stereo-regular ones. Secondly, the molecular dynamics of hPNBs at the atomic scale are 

probed by ssNMR. These results reveal that the cyclopentyl groups within s-hPNB do not conduct slow 

dynamics up to Tm, whereas the cyclopentyl groups within a- and i-hPNBs conduct slow molecular 

dynamics in the crystalline region below crystal-crystal transition temperature (Tcc). These slow 
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dynamics trigger phase transitions differently for the two polymers: a-hPNB undergoes fast chain 

dynamics in the crystalline region above Tcc, while i-hPNB induces conformational change above Tcc. 

Finally, we will discuss how CDCF results in unusual crystallization behavior for a-hPNB. Molecular 

weight and configuration of hPNB used in this study are listed in Table 1. Further details regarding 

polymerization and samples are described in the following section. 

 

Table 1. Molecular weight, configuration, and thermal properties of s-, i-, and a-hPNBs. 

 Mn 

(kg/mol) 

Ɖ 

(Mw/Mn) 

Configuration Tm  

(°C) 

Tcc
 

(°C)  

Φc  

(%) 

s-hPNB 46 2.2 m:r =10:90 135 None 55  

i-hPNB 34 5.2 m:r =100:0 178 150a/Noneb 50 

a-hPNB 134 1.9 m:r =53:47 145 117 a/106b 82 

a) Tcc determined in heating process with a heating rate of 10 C/min. 

b) Tcc determined in cooling process with a cooling rate of 10 C/min. 

 

 

2. EXPERIMENTAL SECTION 

2.1. Polymer Preparation    

Atactic poly(norbornene) (a-PNB): A cyclohexane solution of NB (7.50g, 79.7mmol) and 1-octene 

(6.3mg, 0.056mmol) was added to toluene solution of (1,3-bis(2,4,6-trimethylphenyl)-2-

imidazolidinylidene) dichloro(benzylidene)(tricyclohexylphosphine)ruthenium (1.35 mg, 1.594 μmol) at 

20 °C.  After stirring the reaction for 3 hours, the polymerization was quenched with a small amount of 

ethyl vinyl ether.  The resulting polymer was precipitated from ethanol and dried in vacuum at 40 °C for 

24 h. a-PNB was obtained quantitatively: Mn = 134,000; Mw/Mn = 1.8.29 

Atactic hydrogenated poly(norbornene) (a-hPNB): A p-xylene solution of a-PNB and a p-xylene 

solution of 4 equiv. of p-Tos-NHNH2 were mixed in a glass flask equipped with a three-way stopcock. 
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The mixture was allowed to heat up to the reaction temperature while stirring. Chemical transfer 

hydrogenation was carried out at 125 °C for 5 h.  After the hydrogenation reaction, the obtained 

polymer was precipitated immediately from ethanol. The precipitation was conducted three times 

repeatedly to purify the obtained hydrogenated polymer. After purification it was dried at 40 °C for 24 h 

under vacuum. a-hPNB was obtained quantitatively; meso/racemo = 53/47 and cis/trans = 100:0.29  

Syndiotactic poly(norbornene) (s-PNB): A toluene solution of W(=NPh) Cl4·Et2O (0.0278 g, 56.7 

µmol) (green solution) was mixed with three equivalents of Et2Al(OEt) at room temperature and stirred. 

The catalyst mixture was aged at room temperature for an additional 15 min, resulting in a light brown 

solution. A cyclohexane solution of NB (7.50 g, 79.7 mmol) and 1-octene (0.180 g, 1,59 mmol) was 

added to the catalyst mixture at 50 °C. After stirring the reaction for 3 hours, the polymerization was 

quenched with a small amount of ethanol. The obtained polymer was precipitated from ethanol and 

dried under vacuum at 40 °C for 24 h. s-hPNB was obtained quantitatively: Mn = 46,000 g/mol, Mw/Mn 

= 2.2 by GPC.29 

Syndiotactic hydrogenated poly(norbornene) (s-hPNB): p-xylene solution of s-PNB and a p-xylene 

solution of 4 equiv. of p-Tos-NHNH2 were mixed in a glass flask equipped with a three-way stopcock. 

The mixture was allowed to heat up to the reaction temperature while stirring. Chemical transfer 

hydrogenation was carried out at 125 °C for 5 h. After the hydrogenation reaction, the obtained polymer 

was precipitated immediately from ethanol. The precipitation was conducted three times repeatedly to 

purify the obtained hydrogenated polymer. After the purification it was dried at 40 °C for 24 h under 

vacuum. s-hPNB was obtained quantitatively; meso/racemo = 10/90 and cis/trans = 100/0.29 

Isotactic poly(norbornene) (i-PNB): Toluene solution of MoO(racemic-5,5’,6,6’-tertamethyl-3,3’-di-

tert-butyl-1,1’-biphenolate)2 (0.0515 g, 56.7 µmol) was mixed with two equivalents of n-BuLi at 78 °C, 

and the mixture (deep-blue solution) was allowed to warm to ambient temperature.  The mixture was 

aged for an additional 15 min resulting in becoming a reddish-orange solution.  A cyclohexane solution 
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of NB (7.50 g, 79.7 mmol) and 1-octene (0.225 g, 1.99 mmol) was added to the catalyst mixture at 

80 °C.  After stirring for 3 hours, the polymerization was quenched with a small amount of ethanol.  The 

obtained polymer was precipitated from ethanol and dried at 40 °C for 24 h under vacuum. i-PNB was 

obtained quantitatively: Mn = 34,000 g/mol, Mw/Mn = 5.2.29  

Isotactic hydrogenated poly(norbornene) (i-hPNB): p-xylene solution of i-PNB and a p-xylene 

solution of 4 equiv. of p-Tos-NHNH2 were mixed in a glass flask equipped with a three-way stopcock.  

The mixture was allowed to heat up to the reaction temperature while stirring. Chemical transfer 

hydrogenation was carried out at 125 °C for 5 h.  After the hydrogenation reaction, the obtained 

polymer was precipitated immediately from ethanol. The precipitation was conducted three times 

repeatedly to purify the obtained hydrogenated polymer. After purification, it was dried at 40 °C for 24 

h under vacuum. i-hPNB was obtained quantitatively: meso/racemo = 100/0 and cis/trans = 100/0.29 

General Remarks. Norbornene (Tokyo Kasei) was distilled from MS-3A and stored as a cyclohexane 

solution. 1-Octene (Wako Chemicals) was distilled over calcium hydride.  Phenyl isocyanate (Tokyo 

Kasei) was distilled from calcium hydride.  (1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene) 

dichloro(benzylidene)(tricyclohexylphosphine)ruthenium (Aldrich), Et2Al(OEt) (Kanto Chemical), n-

BuLi (Kanto Chemical), p-Tos-NHNH2 (Aldrich), WCl6 (Soegawa Chemical), MoOCl4 (Strem) and 

racemic-5,5’,6,6’-tertamethyl-3,3’-di-tert-butyl-1,1’-biphenyl-2,2’-diol (Strem) were used without 

further purification. Hexamethyldisiloxane (Aldrich) was distilled over molecular sieves under reduced 

pressure. W(=NPh)Cl4·Et2O was synthesized from WOCl4 and phenyl isocyanate as previously 

reported.30 MoO(racemic-5,5’,6,6’-Me4-3,3’-t-Bu2-biphenolate)2 (MoO(rac-Biphenolate)2) was 

prepared from MoOCl4 and phenolates in diethyl ether as previously reported.31   

 

2.2. GPC and Solution-state NMR. The molecular weight distributions (Đ) of the polymers were 

measured on a gel-permeation chromatograph (GPC) (Tosoh HLC-8320 GPC; eluent tetrahydrofuran).  
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The relative number- and weight-average molecular weights (Mn and Mw, respectively) were acquired 

via a calibration curve obtained using polystyrene standards. 1H and 13C solution-state NMR spectra 

were recorded on a Bruker Avance III 500MHz spectrometer (500.13 MHz for 1H, 125.77 MHz for 13C) 

with CryoprobeTM DCH 500/3 at 60 °C or on a Bruker Advanced III HD 600 MHz spectrometer 

(150.91 MHz for 13C) equipped with CRYO probe TM DCH 600S3 at 125 °C. Chemical shifts were 

determined with reference to the tetramethylsilane (0.00 ppm), tetrachloroethane (5.97 ppm for 1H, 73.8 

ppm for 13C) or chloroform (7.24 ppm for 1H, 77.2 ppm for 13C). Meso/racemo ratios were determined 

by peak fitting of 13C NMR spectra using Lorentzian function on JEOL Delta v5.0.2 NMR software. 

Glass transition temperature (Tg) for s-, i-, and a-hPNB was determined to be 5, 5, and 4 °C, 

respectively, by DSC. For the NMR experiments, the a- and s-hPNB samples were prepared by heating 

the fresh powders by 10 °C/min in hot stage up to 20 °C above melting temperature and holding for 15 

min to eliminate thermal history and cooled down with a rate of 10°C min-1 to ambient temperature. To 

avoid crystal-crystal transition, fresh i-hPNB powder was used after annealing at 100 °C for 12 hours 

under vacuum. For SAXS measurement, the melt-crystallized samples were prepared by isothermal 

crystallization in DSC chamber. The initial temperatures were set at 160, 160, and 200 °C for a-, s-, and 

i-hPNB samples respectively to make the samples in a molten state. The samples were then cooled 

down to various crystallization temperatures with a cooling rate of 150 °C min-1 and kept for 10–40 

minutes before collecting them out of the chamber.   

 

 2.3.    ssNMR Experiments.  The 1H and 13C ssNMR experiments were carried out on a BRUKER 

AVANCE300 spectrometer, equipped with a 4 mm VT CPMAS NMR probe. The 1H and 13C carrier 

frequencies are 300.1 and 75.6 MHz, respectively. The 1H broad line NMR spectra were obtained by 

solid echo sequence of 1H 90  pulse length of 2.2 μs and a delay time of 7 μs. Recycle delay and 

accumulation number were 4 s and 64, respectively. One 1H NMR experiment took about 4 min with an 
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interval of 5 min between two experiments. In the 13C MAS NMR experiment, the MAS frequency was 

set to 4000 ± 3 Hz. The 90° pulses for 1H and 13C were adjusted to 3.3 and 4.5 μs, respectively. The 

recycle delay and ramp cross-polarization (CP) time were 2 s and 1ms, respectively. High-power 1H 

TPPM decoupling with a field strength, γB1/2π, of 75.8 kHz was used during 13C acquisition time. The 

chemical shift was referenced to the CH signal of adamantane (29.5 ppm). 13C spin-lattice relaxation 

time in the laboratory frame (T1C) was measured by using Torchia sequence with 13C 90° pulse length of 

4.5 μs. The 1H spin-lattice relaxation time in the rotating frame (T1ρH) measurement was conducted 

under a spin-locking field strength of 62.5 kHz. 1H-13C WISE spectra were obtained by inserting dwell 

time of 7 μs with 128 points along t1 dimension. A short CP time of 100 s was used to suppress spin 

diffusion effect. 13C CSA was measured by using separation of undistorted powder patterns by effortless 

recoupling (SUPER).32 1H spin-locking filter (T1ρH) with a filed strength of 62.5 KHz and a pulse 

duration of 5–20ms was used to suppress the amorphous component. These experiments were 

performed at MAS frequencies of 3 kHz. The scaling factor, χ’, was 0.155. Effective spectral width in 

the indirect dimension was 3 kHz / 0.155 = 19 kHz. The angular frequency of rf field strength of 13C 2π 

pulse, ωc was set to 12.12ωr. 1H continuous wave (CW) decoupling with a field strength of 100 kHz was 

applied during CSA recoupling. The number of t1 increments was set to 80 in states-TPPI mode. The 

Center-band Only Detection of Exchange (CODEX)33 experiments utilize the recoupling of CSA 

interaction by 180° pulses trains in the two evolution periods sandwiching a mixing period, tmix. The 

effect is a signal decay due to the dephasing of magnetization brought about by changes in orientation-

dependent CSA due to reorientation dynamic process during tmix. The magnetization evolves during the 

initial evolution period Ntr/2 (where N = 2, 4, 6, …) under the orientation-dependent CSA interaction, 

which is recoupled by two successive 180° pulses per MAS rotation period, tr. The magnetization after 

the first evolution period is stored along the z direction by a 90° pulse and does not dephase during tmix 

(which must be set to an integer multiple of tr). The magnetization evolves again after the 90° readout 
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pulse during the second evolution period (Ntr/2) and is refocused at its end. The second mixing period tz 

serves as a z-filter and permits the cancellation of longitudinal relaxation. tz was set to one tr. After 

applying the last 90° pulse, the signal was detected under 1H TPPM decoupling. The resulting dephasing 

leads to a decay of the signal-intensity in the exchange spectrum (S). To remove the T1 and spin-spin 

relaxation (T2) effects during tmix and Ntr, a reference spectrum is acquired. It is obtained simply by 

interchanging tmix and tz. The signal intensity in the reference spectrum (S0) is not sensitive to exchange 

processes but is only dominated by T1, T2, and pulse length errors. The motional correlation time and 

information about the motional geometry can be obtained by plotting the ratio (S/S0) versus tmix and 

(S/S0) versus Ntr, respectively. In a longer tmix > 1.0s, spin diffusion contributes to S/S0. Spin diffusion 

correction was conducted by (S/S0)*= (S/S0)/(S/S0)SD,34 where (S/S0)SD was obtained at -5 C. The MAS 

frequency was 4000 ± 3 Hz. The 1H rf field strength for CW decoupling during 13C 180° pulse with 

pulse length of 15 μs was set to 76 kHz. A short CP time of 100 s or T1ρH filter with spin-locking field 

strength of 62.5 kHz was used to suppress the amorphous signals to the CODEX experiments at varied 

temperatures. All other rf parameters were the same as for the CPMAS experiments. The reference and 

exchange experiments were obtained alternatively by every 128 transients, to suppress drift of the NMR 

spectrometer. Each spectrum was obtained by accumulating 1024–2048 transients. 

2.4.  DSC. DSC experiment was conducted using TA Discovery DSC250 with heating and cooling rates 

of 10 C/min in N2 atmosphere. Temperature and heat flow were calibrated by standard sample. 

2.5.  SAXS. SAXS measurements were performed at the beamline 19B2 in SPring-8 (Hyogo, Japan). 

The energy of the incident X-ray beam was 18 keV. The scattered X-ray was detected by Pilatus 2M. 

The sample-to-detector distances were 3 m for normal SAXS and 42 m for U-SAXS. The obtained 2D 

images were converted into 1D profiles and corrected with transmittance, irradiation time and 

background.  

3. RESULTS 
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3.1. Thermal Properties of hPNBs. Fig. 1a-c depicts DSC thermograph of a-, i-, and s-PNBs. 

During the heating process a- and i-hPNBs experience crystal-crystal transition at Tcc of 115 and 150 °C, 

while s-hPNB does not. The Tm for s-, i-, and a-hPNBs are 135, 178, and 145 °C, respectively. 

Crystallization temperature (Tc) for s-, i-, and a-hPNBs are 113, 138, and 123 °C. It is important to note 

the temperature difference between Tm and Tc, (Tm-Tc) for three samples. Tm-Tc for a- and s-hPNBs are 

22 °C while i-hPNB is 40 °C. This physical property will be discussed in detail in section 4.1. 

 

Figure 1.  DSC thermograph of (a) s-, (b) i-, and (c) a-PNBs with heating and cooling rates of 10 °C/ 

min. 
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3.2. 1H broad-line NMR and Crystallinity. Fig. 2a-c displays 1H broad-line NMR spectra for a-hPNB 

at 25 °C, 105 °C, and 117 °C. At 25 °C, only one broad component with full width at half maximum 

(FWHM) of ca. 40 kHz was observed. With increasing temperature, segmental motions of the 

amorphous components are thermally activated (Tg ~ 3 °C), which leads to narrowed 1H signals well 

above Tg. Above 80 °C, two components are clearly observed in Fig. 2b, c. Lorentzian and Gaussian 

peaks were applied to the observed NMR line-shapes above 80 °C. The 1H broad-line NMR spectra for 

s-, i-, and a-PNBs obtained at 90 °C are shown in Fig. 2d-f. The Φc of s-, i-, and a-hPNBs was 

determined to be 50%, 48%, and 80% at 90 °C. Fig. 2g-i illustrates Φc of s-, i-, and a-hPNBs, 

respectively, during heating (blue filled circle) and cooling (green) processes determined by 1H line-

shape analysis. 
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Figure 2. 1H broad-line NMR spectra for a-hPNBs at (a) 25, (b) 105, and (c) 117 ° C. 1H broad line 

NMR spectra for (d) s-, (e) i- and (f) a-hPNB at 90 °C. Gaussian and Lorentzian peaks being fitted to 

the experimental curves above 80C. Crystallinity (black circles and triangles) and 1H FWHM (red 

circles and triangles) for the crystalline regions of (g) s-, (h) i- and (i) a-hPNB during heating (triangles) 

and cooling processes (circles). 1H NMR experiment time of about 4 min with an interval of 5 min 

between the experiments.  

 

The cooling process from the melt induces crystallization of i- and s-hPNBs at around 145 °C 

and 125 °C respectively. The observed Tc for i- and s-hPNBs in the 1H NMR experiments are higher by 

8 °C and 12 °C, respectively when compared to those seen by DSC. The higher Tc values are accounted 

for from slow kinetics used in the 1H NMR experiments. Φc of i- and s-hPNBs reaches 50% and 55%, 

respectively at 80 °C. For a-hPNB, onset temperature for crystallization is at around 136 °C in the NMR 

experiment. The crystallinity rapidly increases up to 75% at 120 °C above Tcc and reaches a maximum 

value of 82% at 80 °C. The determined crystallinity of a-hPNB is well consistent with the reported 

value (78%) by Register and coworkers.26  

 Fig. 2g-i plots FWHM of the crystalline component of s-, i-, and a-hPNBs, respectively, during 

heating (red filled triangle) and cooling process (black). In the cooling experiment, i- and s-hPNBs, 

show FWHMs of 30 kHz at 145 °C and 32 kHz at 124 °C, respectively. These line widths do not vary 

during cooling and heating processes. On the other hand, when a-hPNB crystallizes during cooling, the 

crystalline component with FWHM of 18 kHz appears at 132 °C. The line-width gradually increases to 

24 kHz at 115 °C but drastically increases up to 35 kHz at 105 °C below Tcc. Also, similar discrete 

transition in FWHM was observed at around Tcc during heating process (Fig. 2b, c, and i). These 

behaviors indicate that only a-hPNB undergoes significant molecular dynamics in the frequency range 
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of over ~40 kHz above Tcc. Note that similar reduction of 1H linewidth was observed in PE above a 

critical pressure and temperature9 and in iPB1 form II.35 

 

3.3.13C High-Resolution NMR and Crystallinity.  Fig. 3a-c represents 13C CPMAS NMR spectra 

(black lines) for s-, i-, and a-hPNBs measured at 25 °C and signal assignments.26, 29 Fig. 3d shows 1H 

spin-lattice relaxation time in the rotating frame (T1ρH) curves for s- (black filled circles), i- (red), and a-

hPNBs (blue) at 25 °C. The relaxation curves for all three samples were analyzed in terms of double 

exponential curves. Fig. 3d describes the best fit curves with the parameters for relaxation values of 

crystalline (T1ρHC), amorphous components (T1ρHA).  The relative fraction of the amorphous components 

(fa) is listed in Table 2.  The Tg for all three samples are ~ 3 °C. The short and long relaxation values are 

assigned to the amorphous and crystalline components. With a spin locking time of 20 ms, the majority 

of the amorphous components (T1ρHA = 4.7–6.3 ms) decay and thus the crystalline components dominate 

the spectra (red dotted ones in Fig. 3a-c).  The 1H magnetization of the crystalline components for s-, i-, 

and a-hPNBs, M (tsl = 20 ms) decays to 0.78 (decaying factor), 0.57, and 0.50*M0, respectively, where 

M0 is an initial size of the magnetization at tsl = 0 ms. The full crystalline signals for s-, i-, and a-hPNBs 

can be obtained by M(tsl=20 ms)/decaying factor and were depicted as red solid curves in Fig. 3a-c. 

Subtraction of the full crystalline signals from the CPMAS spectra produces the amorphous component 

illustrated as blue solid spectra depicted in Fig. 3a-c. All three samples show similar spectra for the 

amorphous components. The remaining crystalline signals highlighted by red show very similar 

chemical shift values for all the functional groups across three samples. This result suggests that s- and 

i-hPNBs adopt similar trans-conformation in the crystalline region to that in a-hPNB. The detailed 

conformation and packing structure are under investigation by X-ray diffraction analysis. 13C CPMAS 

NMR spectra for all three samples at elevated temperatures are displayed in Fig. S1-3. With increasing 

temperature, the broadened amorphous signals are narrowed due to thermally activated molecular 
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dynamics. Therefore, the crystalline signals for C2,3 and C1,4 carbons are well separated from the 

corresponding amorphous signals at high temperatures.  

 

Figure 3. 13C CPMAS NMR spectra (black) and T1ρH filtered CPMAS spectra (dashed red) for (a) s-, 

(b) i-, and (c) a-hPNBs at 25 C. (d) T1ρH relaxation curves for s- (black filled circle), i-(red), and a-

hPNBs (blue). The crystalline spectra being obtained by T1ρH filtered CPMAS spectra with a duration of 

20 ms divided by exp(-20/T1ρHC). (a-c) The amorphous spectrum (blue) being obtained by subtraction of 

the crystalline spectrum (red) from the CPMAS one (black).  

 

Table 2. T1ρH values for the crystalline and amorphous regions for s-, i-, and a-hNBs obtained through 

C1,4 carbons at 25C   

 T1ρHA /ms T1ρHC /ms fa 

s-hPNB 6.3 ± 0.9 80.0 ± 5.8 0.25 ± 0.01 

i-hPNB 4.7 ± 0.4 35.0 ± 3.2 0.41 ± 0.05 

a-hPNB 5.2 ± 0.6 29.0 ± 4.5 0.25 ± 0.01 
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Figure 4. 13C DPMAS NMR spectra for (a) i-hPNB at 155 C, (b) s-hPNB, and (c) a-hPNB at 117 C. 

Recycle delay was set to 5x the longest 13C T1 values in the systems (i-hPNB, 35 s, s-hPNB, 1500 s and 

a-hPNB, 10 s). The crystallinity of i- (40%), and s- (45%) and a-hPNB (80%) is determined by applying 

Lorentzian peaks to the crystalline (red) and amorphous (blue) peaks for the C2, 3 carbons.    

 

13C direct polarization magic-angle spinning (DPMAS) NMR spectra for the s-, i-, and a-hPNBs 

under high-power 1H decoupling were measured at 117 °C, 155 °C, and 117 °C and were shown in Fig. 

4, where the recycle delay was set to a time >5x the longest 13C spin-lattice relaxation time in the 

laboratory frame (T1C) (see Table S1). The longest T1c values are 291 s, 7.2 s, and 1.6 s for s-, i-, and a-

hPNBs crystalline regions, respectively. The large variations in the T1C values indicate that chain 

dynamics are largely different in the crystalline region among three samples. Detailed molecular 
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dynamics will be discussed in the later section. Among four carbon signals, C1,4 and C2,3 cabons show 

the crystalline and amorphous signals separately. The C2,3 signals appear to have better peak 

separations between them. Thus, the C2,3 signals were utilized to determine crystallinity for s-, i-, and 

a-hPNBs to be 42%, 40%, and 80%, respectively. These results are consistent with 1H NMR results 

depicted in Fig. 2g-i. The unique trend in crystallinity of hPNBs can be compared with existing 

literatures.16-18 Among various polymers, poly(vinyl alcohol) (PVA),16 poly(acrylonitrile) (PAN),17 and 

poly(vinyl chloride) (PVC),18 crystallize in atactic-configurations. The reported crystallinities of a-

PVA,16 a-PAN,17 a-PVC18 are 30%, < 50%, and 10%, respectively. All the reported values of 

crystallinity in several atactic-polymers are much lower than that of a-hPNB.   

 

3.4. Long period by SAXS and USAXS.  Fig. 5a-c demonstrates the L of s-, i-, and a-hPNBs at 

various crystallization temperature (Tc), investigated by small and ultra-small angle X-ray scattering 

(SAXS and USAXS). s-hPNB exhibits its Tc independent of qmax of 0.30–0.31 nm-1. The qmax value 

corresponds to L = 20–21 nm in terms of L = 2π/qmax.36 i-hPNB shows similar values of 17–21nm. 

Interestingly, L of 17 nm was obtained at the highest Tc of 135 °C. This is opposite trend in temperature 

dependence of L and lamellae thickness of semicrystalline polymers. This unique temperature 

dependence of L will be discussed in a later section. Scattering pattern for a-hPNB shows first- and 

second-order peaks. The latter highlighted by asterisks arises from structural homogeneity. The large L 

values were determined by the first-order peak and highly depend on Tc: the L value corresponds to 49 

nm at Tc = 95 °C and increases to 55 nm at 105 °C, 68 nm at 115 °C, and 80 nm at 125 °C as shown in 

Fig. 5c. The observed Tc dependence of L for a-hPNB is well consistent with the previous result.28 The 

L value for a-hPNB is four times greater than those of s- and i-hPNBs. Both crystallinity and L clearly 

show unique structural developments of a-hPNB compared to stereo-regular ones. To the best of our 

knowledge, this is the first report of an atactic-polymer exhibiting a much higher crystallinity and much 

longer L of than its stereo-regular counterparts.  
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Figure 5. SAXS and USAXS data for (a) s-hPNB, (b) i-hPNB, and (c) a-hPNB crystallized at various 

temperatures. * representing second-order peak.  

 
3.5. Slow Dynamics of Crystalline Regions of hPNBs below Tcc. CODEX provides detailed molecular 

dynamics including amplitude and kinetics of molecular motions in the slow dynamic regime (10-2-102 

s).33 Fig. 6a-c shows CODEX31 reference (S0) and exchange (S) 13C NMR spectra for s-, i- and a-hPNB, 

respectively, with a mixing time (tmix) of 200 ms and evolution time (tevo) of 4.5 ms. The amorphous 

peaks were suppressed by using a short CP time of 100 μs.  For s-hPNB, intensities of all the peaks in S 

are very similar with those in S0 (S/S0 intensity ratio ~ 1.0). On the other hand, a-hPNB shows S/S0 ratios 

of 0.84 (C1,4) – 0.48 (C5,6) within tmix of 200 ms at 110 °C (Fig. 6c). Similarly, i-hPNB gives the S/S0 

ratios of 0.65 - 0.87 at 135 °C below Tcc (Fig. 6b).  

Fig. 6d depicts temperature dependence of the S/S0 ratio for the C5,6 carbons for s-, i-, and a-

hPNBs with tmix = 200ms and tevo = 4.5ms. This experiment is referred as 1-point CODEX. For s-hPNB, 

the S/S0 ratio is almost invariant (~1) up to 125°C just below Tm. This means that s-hPNB chains do not 

conduct any reorientation of the CSA tensors within 200 ms up to Tm.  On the other hand, the S/S0 ratio 

for a- and i-hPNB exhibits temperature dependence: In the former, the S/S0 ratio continuously decreases 

with increasing temperature up to 110 C just below Tcc, and the S/S0 ratio jump up to ~ 1 at 122 °C, 
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slightly above Tcc.  This implies that a sudden change in the motional frequency occurs across Tcc. In the 

latter, the S/S0 ratio starts to decrease above 60 °C and reach 0.67 at 108 °C. Even with further 

increasing temperature, the ratio of ca. 0.65 is almost invariant up to 140 °C. This result implies that the 

slow dynamics are not thermally activated in i-hPNB due to unknown structural factors within the 

temperature range above 108 °C. We will further investigate this unusual dynamic behavior of i-hPNB. 

At 160 °C above Tcc, the ratio quickly increases to ~1. This observation is the same in the CODEX 

result for a-hPNB. To understand dynamic sources for S/S0 = 1 above Tcc, we will further study 

molecular dynamics of both a- and i-hPNBs above Tcc in section of 3.8.  

 
 

Figure 6. CODEX reference (S0) and exchange (S) 13C NMR spectra for (a) s-, (b) i- and (c) a-hPNB 

with a mixing time (tmix) of 200 ms and evolution time (tevo) of 4.5 ms at 110 C, 135 C, and 110 C, 

respectively. (d) Temperature dependent CODEX (S/S0) ratio of C5,6 carbons in a- (blue), i-(red) and s-

(black) hPNBs at tmix of 200 ms and tevo of 4.5 ms. 
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To investigate the reorientation angle for the atomic dynamics, principal axis values of chemical 

shift anisotropy (CSA) are necessary. CSA patterns for a- hPNB were measured by SUPER32 combined 

with a T1ρH filter at 25 °C. Fig. 7a shows CSA patterns for a-hPNB crystalline region at 25 °C.  The 

principal values are listed in Table S2. Fig. 7b. depicts CODEX tevo dependence of the S/S0 ratio for all 

carbons of a-hPNB with a mixing time of 200 ms at 110 °C. It was found that the decaying degrees 

highly depend on the atomic sites (C5,6 >, C2,3   C7,> C1,4) and do not reach minima at tevo of 4.5 ms. 

Here, we conduct molecular dynamics analysis of the C7 carbon for a-hPNB where it was assumed that 

CSA tensor adopts the same orientation with the methylene carbon of PE.32 We supposed two dynamic 

models: One is rigid body model where the chain conducts rotations around its chain axis, the second 

where cooperative C-C internal bond rotations apparently induce re-orientations of CSA tensors at each 

carbon site. ). Two kinds of motions of 180 flip with reorientation angle,  = 180 and uniaxial 

diffusions with  = 0–360 are considered. The simulation curve for the 180 flip shows no decay as a 

function of evolution time due to invariant CSA orientations before and after the flip and is consistent 

with the simulation with reorientation angle of 0°. To calculate uniaxial diffusion around its chain axis, 

reorientation angles of  = 0–90° with every 5° intervals were calculated and summed up with an equal 

probability. The simulation curves for 90° flips and uniaxial rotations were represented as solid curves 

in Fig. 7f. None of three calculated curves fit to the experimental data.  Namely, neither diffusion type 

of motions with reorientation angles of 0–360 nor discrete jumps with reorientation angles of 90 and 

180° occur in a-hPNB crystalline region. These comparisons clearly indicate that the observed slow 

dynamics in a-hPNB are different from the previously reported dynamics in mobile crystals such as 

PE,37 poly (ethylene oxide) (PEO),38 poly(oxymethylene) (POM),39 isotactic-poly(propylene) (i-PP),12,13 

isotactic-poly(4-methyl-1-penetene) (i-P4M1P),40 poly (L-lactic acid) (PLLA),41 isotactic-poly(1-

butene) (i-PB1) form III42 which commonly conduct large amplitude motions with reorientation angles 

of 75–200. The second model considered utilizes cooperative rotations around individual C-C internal 
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bonds in hPNB lead to reorientation of CSA tensors with a limited angle at each carbon site. It is known 

that cyclopentane adopts puckered conformations and conducts conformational transition as well as 

rotations in the solid crystalline phase above -172 °C.22 This suggests that conformational change in 

cyclopentyl group could occur in both a-and i-hPNBs (Fig. 7e). An assumption in this approach is that a 

vector from center of mass of cyclopentyl ring to each carbon is changed due to individual C-C bond 

rotations as schematically illustrated in Fig. 7d. Such dynamics may show a relatively small 

reorientation angle,  compared to the rigid body dynamics around its chain axis.  

Fig. 7g shows CODEX tevo dependence of S/S0 for the C7 carbon of a-hPNB and simulation 

curves under the assumptions of two-sites with the reorientation angle,   = 5–30° (black curve). None of 

the simulated curves fit the experimental curve. The simulation curve with   = 20° is the closest to the 

experimental data, however it deviates from the experimental data in the late stage of tevo. Under the 

assumption of a box-type of distribution including reorientation angle of 5–30° with 1 step, the weight-

averaged simulation curve (red curve) could reproduce the experimental data with improved accuracy. 

The distribution of the small amplitude motions means that two-site jump occurs not in discrete energy 

minima but in rather flat ones.  This means that the cyclopentyl ring is not limited to two conformations 

but is flexible and adopts multiple conformations. The characteristic reorientation angles of 5–30° in a-

hPNB are quite unique compared to other mobile crystals such as PE,37 i-PP,12,13 PEO,38 i-P4M1P,40 i-

PB1 form III,42 PLLA,41 etc. which achieve high reorientation angles (75–200°) depending on their 

conformations. Register and coworker investigated crystal unit-cell parameters of a-hPNB below Tcc 

and reported the 0.5% contraction of the c-axis dimension between 23 and 95 C.26 The contraction is 

well consistent with the presence of small amplitude motions in the a-hPNB crystalline region.  
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Figure 7. (a) 13C CSA spectra for a-hPNB crystalline region at 25 ° C. (b) CODEX tevo dependence of 

S/S0 for C5,6 (black filled circle), C1,4 (blue), C2,3 (green), and C7 (red) of a-hPNB with tmix of 200 ms 

at 110 °C. Schematic illustration for molecular dynamics for a-hPNB in (c) rigid body and (e) C-C 

internal bond, and (d) expanded cyclopentyl group and reorientation angle () effect on CSA 

orientations on the C7 carbon. CODEX tevo dependence of S/S0 for C7 and simulation results (solid 

black line) based on (f) 90°, 180° flips and uniaxial diffusion around the chain axis and (g) two-site 

jumps with a small reorientation angle,  = 5–30° (black solid line) and two-sites jumps with box-type 

distribution of  = 5–30° (red curve).  

 

Fig. 8a, b shows CODEX tmix dependence of (S/S0)* for the C5,6 carbons for a- and i-hPNB 

with a fixed tevo of 3ms. Since spin exchange is a result of both molecular dynamics and spin diffusion 

occurs at a mixing time on the order of seconds, steps must be taken to eliminate the latter process.34 In 

order to eliminate spin-diffusion effect on the CODEX S/S0 curves, pure spin-diffusion effect, (S/S0)SD 

was measured at -5 °C below Tg and spin-diffusion correction was conducted in terms of 

(S/S0)*=(S/S0)/(S/S0)SD (see Figure S4).34 For a-hPNB, the CODEX decaying curves get deeper and 

deeper with increasing temperature. Similar observations were reported in several mobile polymer 

crystals such as PEO,38 i-PP,12, 13 i-P4M1P,40 PLLA,41 etc. For i-hPNB, the CODEX tmix decaying curve 
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for the C5,6 carbon of i-hPNB initially follow the similar trend with a-hPNB. However, the CODEX 

curves are almost invariant above 108°C. This unusual result is well consistent with 1-pt CODEX result 

in Fig. 4c.  

The CODEX tmix curve was analyzed in terms of: 

 
 

  
               

  

    
 
 

 , 

where a is related to available site number, p in terms of a = (p-1)/p, β means distribution width of 

correlation time, τc (0 < β ≤ 1).40 A smaller  value means a large distribution of c.43 The best-fit 

parameters were listed in Table 3 and the best-fit lines were drawn as solid lines in Fig. 8a. With 

lowering temperatures, the CODEX tmix curve for a-hPNB does not show a plateau value. Thus, the 

analysis was approximated with a fixed a value of 0.54 obtained at the highest temperature of 110 C.  

Similarly, the fixed a value of 0.54 was used for the CODEX tmix analysis for i-hPNB (see Table 4). τc 

and its distribution width for a- and i-hPNB were plotted as filled circles and error bars in Fig. 8c. 

Temperature dependence of τc for a-hPNB system follows Arrhenius line with an activation energy (Ea) 

of 191 ± 16 kJ/mol. Similarly, i-hPNB dynamics also follows Arrhenius line with Ea = 178 ± 4 kJ/mol 

up to 108 C. Temperature dependence of c starts to deviate from the Arrhenius line above 108 C. 

This result is well consistent with the 1-point CODEX results in Fig. 6. To the best of our knowledge, 

only i-P4M1P shows some bend in temperature dependence of molecular dynamics in the crystalline 

region. The observed slowing dynamics in the crystalline region was interpreted in terms of association 

with frozen segmental motions of amorphous segments below Tg. High temperature bent in molecular 

dynamics is peculiar for i-hPNB. Configuration differences lead to the different temperature dependence 

of slow molecular dynamics between i- and a-hPNBs. We will further study molecular dynamics and 

conformation of a- and i-hPNBs above Tcc. The molecular dynamics and structures in the high 

temperature phase may give hints for unusual molecular dynamics in i-hPNB below Tcc.  
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Figure 8. CODEX tmix dependence for (S/S0)* of the C5,6 carbons for (a) a- and (b) i-hPNBs with tevo of 

4.5 ms at varied temperatures. (c) Arrhenius plots of τc for a- and i-hPNBs with best-fit curves of 178 

and 194 kJ/mol, respectively.  

 

Ea values for a- and i-hPNBs are much higher than the reported Ea values for 180° flips of PE 

(122 kJ/mol),37 120° jumps for i-PP (72-102 kJ/mol),12,13 and ca. 100 jumps  for i-P4M1P (95 

kJ/mol).40 Moreover, molecular dynamics of cyclopentyl groups in a- and i-hPNB begins at much 

higher temperatures than that of cyclopentane.22 This implies that individual C-C bond rotations are not 

independent of each other but cooperatively occur with the neighboring groups along the chain axis. 
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Moreover, parallel packing with neighboring chains also limits the rotation angle. These two structural 

constraints are possible sources for high energy barriers for the conformational events in a- and i-hPNBs 

below Tcc.  s-hPNB does not conduct conformational events as well as crystal-crystal transition. This 

endorses the idea that conformational events in a- and i-hPNB trigger phase transitions at around 115 

and 150 °C, respectively.  

Table 3. Best-fitting parameters of the CODEX mixing-time dependence of (S/S0)* 

for C5,6 carbons of a-hPNB. 

Temperature/ C a c /s  
75 0.541) 62.69 ± 6.03 0.45 ± 0.09 
85 0.541) 17.86 ± 4.78 0.38 ± 0.04 
95 0.541) 1.55 ± 0.29 0.38 ± 0.03 
105 0.541) 0.19 ± 0.02 0.46 ± 0.03 
110   0.541) 0.12 ± 0.02 0.47 ± 0.04 

1) Fixed a value being used for CODEX analysis. 

 
Table 4. Best-fitting parameters of the CODEX mixing-time dependence of (S/S0)* 

 for C5,6 carbons of i-hPNB. 

 Temperature/ C a c /s  
84 0.541 40.13 ± 3.83 0.31 ± 0.06 
96 0.541 5.09 ± 1.87 0.31 ± 0.03 
108 0.541 0.83 ± 0.02 0.33 ± 0.03 
120 0.541 0.75 ± 0.02 0.36 ± 0.04 
135 0.541 0.93 ± 0.03 0.32 ± 0.03 

1) Fixed a value being used for CODEX analysis.  

 

3.8. Molecular Dynamics of hPNBs above Tcc. Fig. 9a depicts 13C CPMAS NMR spectra for i-hPNB 

below and above Tcc. Interestingly, the C7 signal disappears above Tcc. The disappearance of the C7 

signal above Tcc suggests up-field shift, which is due to conformational change to gauche one44 as 

schematically drawn in Fig. 9a. Currently, detailed XRD analysis is under progress and detailed 

conformation of i-hPNB in the low and high temperature phase will be reported elsewhere.  
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Figure 9. (a) 13C CPMAS NMR spectra for i-hPNB at 145 (top) and 165 °C (bottom). Schematic 

illustration for possible conformation of i-hPNB crystalline region below and above Tcc. 1H-13C WISE 

NMR spectra for (a)  i- and (b) a-hPNBs at 165 and 123 °C, respectively. * denoting the amorphous 

signals. The 1H slice data being shown through 13C C2,3 signals. (c) 13C experimental and simulated 

CSA patterns for C7 of a-hPNB crystalline regions at 40 and 123 C.   

 

Fig. 9a shows 1H-13C WIdeline SEparation (WISE) spectrum for i-hPNB at 165 °C. The 1H slice 

spectra for the 13C amorphous signals marked by asterisks clearly illustrate 1H isotropic signal 

accompanying weak 1H spinning side band (ssb)s. On the other hand, the crystalline slice indicates 1H 

broadened spectrum with FWHMs of ca. 35 kHz. This means that there is no intermediate and fast 

molecular dynamics with large amplitudes in the i-hPNB crystalline region above Tcc.  Interestingly, the 

T1C value for C2,3 is 0.53 s, which is much shorter than those for the other carbons in the crystalline 
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region and comparable to that for the C2,3 amorphous carbon (0.53 s) (Table S1). The obtained 

relaxation value is close to a theoretical minimum value of T1C (~ 0.1 s).45 Thus, localized molecular 

dynamics in a frequency close to Larmor frequency (~ 75 MHz) occurs in the i-hPNB crystalline region. 

However, such fast motions do not influence the 1H very broadened spectra with FWHM >35 kHz. 

These facts indicate that fast motions occur at the C2,3 carbons of i-hPNB crystalline regions, however, 

their amplitude is very limited.  

Fig. 9b shows 1H-13C WISE NMR spectrum for a-hPNB at 123 °C above Tcc. The 1H slice NMR 

spectra through all the carbons show spinning sideband patterns indicating the presence of anisotropic 

and large amplitude motions of a-hPNB in the crystalline region in the fast frequency regime (> 40 kHz). 

The minor amorphous slice also shows intense 1H isotropic signals with small first SSBs (blue slice 

spectrum). The dynamics character for the a-hPNB chains in the crystalline regions above Tcc is largely 

different from i-hPNB above Tcc. These experimental facts indicate that crystal-crystal transitions 

differently influence chain dynamics between a- and i-hPNBs above Tcc.  

Fig. 9c shows 13C CSAs of the C7 carbon for a-hPNB at 40 °C and 123 °C. The C7 CSA pattern 

is axially asymmetric at 40 °C and changes to axially symmetric one above Tcc, where σ33 is invariant 

and σ11 and σ22 merge. This CSA pattern can be explained in terms of molecular dynamics at the C7 site 

around σ33 axis (chain axis). Under the assumption of uniaxial diffusions, the CSA patterns were 

calculated under a dynamics frequency, k and depicted in Fig. S5. Molecular dynamics with a higher 

frequency >10 kHz no longer influence the 13C CSA line-shape (fast motional limit). The calculated 

CSA pattern in a frequency >10 kHz could well reproduce the experimental CSA pattern (Fig. 9c). 

Considering the well separated 1H SSB patterns and 13C CSA results, it is concluded that a-hPNB 

conducts fast chain dynamics around the chain axis in the crystalline region in a frequency >40 kHz 

above Tcc and i- and s-hPNBs do not conduct such fast molecular dynamics up to their Tms. 
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Two scenarios can possibly explain the axial symmetric pattern for the C7 signal. One option is 

uniaxial rotation of the rigid body in the crystalline region as depicted in Fig. 7c. Another possibility is 

attributed to cooperative internal C-C bond rotations with larger amplitude than those below Tcc as 

depicted in Fig. 7d. The T1C values of all carbons in the crystalline regions are 0.7–1.6 s which are 

comparable to 0.35 s for C2,3 carbons in the amorphous region. These results cannot be explained in 

terms of rigid body model. Moreover, Register and coworkers measured that a-hPNB preserve the 

monoclinic lattice without lateral order and the c value goes further down to 12.1 Å in the high 

temperature phase.26 The contraction of the c dimension would give additional spaces for conformation 

dynamics of a-hPNB in the high temperature phase. All the experimental results suggest that large 

fluctuations of individual C-C bond rotations occur in a-hPNB crystalline region above Tcc.  

 

4. Discussion 

4.1. Crystallization of Configurationally Disordered a-hPNB.  Here, we discuss structural and 

dynamic origins for the unique structural evolution in a-hPNB during crystallization. The a-hPNB 

adopts trans conformation and it possesses c value of 12.44 Å at 23 °C.  Similarly, a-PAN,46 a-PVA,47 

and a-PVC,48 which show semicrystalline features, adopt trans conformation. Moreover, Shin et al. 

recently reported that a-PMMA co-crystallizes with benzoic acid (BA).49 It was confirmed that a-

PMMA keeps crystalline structures after sublimation of BA. The crystallinity of a-PMMA is 

comparable to i- and s-PMMAs. It was suggested that the BA undergoes hydrogen bonding with a-

PMMA chains and stretch a-PMMA chains into trans conformation. These existing results indicate that 

the extended conformation minimizes the effect of configurational disorder on the packing and thus 

allow even the atacitc-polymers to be crystallized.  

Further comparisons of crystallinity of a-hPNB with those of a-PVA and a-PAN will highlight 

uniqueness of crystallinity of a-hPNB. Ohgi et al. systematically investigated crystallinity of PVA as a 
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function of stereoregularity and reported that a-PVA shows the minimum crystallinity of 30% among a 

series of stereo-regular ones.16 Minagawa et al. reported crystallinity of a-PAN, 32–50%, the highest 

value of which is comparable to that of i-PAN.17 However, crystallinity of a-PVA and a-PAN is much 

smaller than that of a-hPBN (82%). This indicates that only trans-rich conformation is not sufficient to 

lead to a very high crystallinity observed in a-hPNB. This point is further emphasized by even i- and s-

hPNBs showed a lower crystallinity of 50–55% than a-hPNB.   

Through systematic studies in the molecular dynamics of hPNBs, it is demonstrated that fast 

chains dynamics occurs only in a-hPNB above Tcc (115 °C). Similar fast chain dynamics have been 

reported in PE under high pressure and high temperature,9 PTFE,111,4 trans-PBD high temperature 

phase,10 and i-PB1 form II.50 These polymers commonly show a very high crystallinity and a very large 

crystalline thickness (e.g., several μm for ECC of PE). Considering similarity in the molecular dynamics 

and unique crystallization between a-hPNB and other semicrystalline polymers9–11, 50 and the absence of 

fast chain dynamics in s- and i-hPNBs, it is concluded that fast chain dynamics associated with the 

crystal-crystal transition result in the very high crystallinity and Long period in a-hPNB.  

To further understand structural evolution and origins for fast chain dynamics of a-hPNB, we 

paid greater attention to the slow molecular dynamics of hPNBs below Tcc or Tm. In syndiotactic- 

configuration, individual C-C bond rotations are frozen up to Tm.  Namely, the atomic positions in the 

cyclopentyl group are fixed up to Tm as shown in Fig. 10.  

On the other hand, i-hPNB conducts small amplitude motions due to internal C-C bond rotations 

(conformational flexibility) above 60 °C (Fig. 6c and 8a, b). Above Tcc, the C7 carbon adopts gauche 

conformation with regarding to the C2,3 carbons in the γ position as schematically illustrated in Fig. 9a. 

This conformation change is attributed to the localized rotations around the C1-C2 (C3-C4) bonds 

among several bonds. Fig. S6 depicts CODEX tevo dependence of all the carbons for i-hPNBs at 135 C. 

The decaying behavior of C2,3 is prominent and comparable to the C5,6 carbons and is much deeper 
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than those of the remaining carbons (C5,6  C2,3 > C7  C1,4). This observation is different from the 

CODEX decaying tendencies (C5,6 > C2,3  C7 > C1,4) for a-hPNB (Fig. 7c). From the CODEX tevo 

and non-Arrhenius behavior of the slow motions below Tcc as well as conformation change above Tcc, it 

is indicated that isotactic-configuration amplifies the local dynamics and induces steric hindrance at the 

C2, 3 sites above 108 C. In DSC and 1H NMR results, there is a large difference, Tm-Tc = 40 °C in i-

hPNB compared to those in s- and a-hPNBs (22 °C). This difference may arise from the conformational 

difference between i-hPNB and s-, a-hPNBs. The latter crystallizes in thermodynamically stable trans-

conformation.  On the other hand, trans conformation is not stable in i-hPNB above Tcc. Thus, it is 

expected that the high-temperature phase is formed in i-hPNB when it is crystallized from the melt. Fig. 

S6c shows T1ρH filtered 13C CPMAS NMR spectrum for i-hPNB at 25 °C, which was crystallized from 

the melt. The spectrum includes 13C signals in both low (Fig. S7a) and high temperature phases (Fig. 

S7b). This fact indicates that i-hPNB first crystallizes in the high temperature phase and the remaining 

crystallizes in the low temperature phase with further cooling. Nucleation and growth barrier for gauche 

conformation is lower than that for trans conformation in i-hPNB at high temperatures, however, is still 

high and requires a relatively low Tc of 138 °C (see Fig. 1b).  It is considered that the selection of the 

gauche conformation during crystallization leads to a large difference in Tm-Tc for i-hPNB among three 

hPNBs.  

a-hPNB conducts small amplitude motions around all the C-C bonds in the low temperature 

phase as schematically illustrated in Fig. 10. Temperature dependence of the dynamics follows 

Arrhenius line up to Tcc (Fig. 8c). This result indicates that all internal C-C bond rotations are thermally 

activated at all the carbon sites in the monoclinic lattice of a-hPNB. This dynamics feature is well 

consistent with the contraction of crystallographic c value by 0.5% between 23 and 93 °C below Tcc. 

Random configuration does not lead to the localized dynamics at the specific sites. Thermally activated 

C-C internal bond rotations triggers the phase transition into the high temperature phase, where the c-



30 

 

dimension of a-hPNB lattice is further contracted to 12.1 Å and all carbons experience large amplitude 

motions in the fast frequency (>40 kHz).  

By considering slow molecular dynamics in three hPNBs below Tcc, it is concluded that 

“configurational disorder coupled with conformational flexibility (CDCF)” in the low temperature 

phase is the origin for  i) phase transition, ii) fast chain dynamics at all the carbon sites, and thus, iii) 

unique structural evolutions in a-hPNB. Very recently, Register and coworkers reported that Tcc of a-

hPNB can be tuned between 134 (m:r = 52 :48 and cis/trans = 100:0) and 92 °C (m:r = 52:48 and 

cis/trans = 78:22) by changing cis/trans configurations.51 The microstructure for the former is very 

similar to that for a-hPNB used in this work. At present, it is unknown why similar chemical structures 

give a large difference in Tcc. Hayano et al. reported that i- (m = 89%) and s-hPNBs (r = 70%) also 

show semicrystalline features.29 These works further raise following questions: To what extent of stereo-

irregularity and cis/trans configuration does induce unique phase transition in hPNB? How do 

variations in the stereoregularity and cis/trans configurations influence kinetics and geometry of 

molecular dynamics in cyclopentyl group of hPNBs at the atomic scale? How are molecular dynamics 

related to phase transition temperature and crystallization behaviors of hPNB? Further research on 

elaborate chemistry and physics will provide answers to the open questions in novel polyolefins.  

Finally, we would like to comment on the impact of structural disorder on Tm of hPNBs. In 

general, Tm of semicrystalline polymer is determined by various structural factors including 

intermolecular interaction, packing, conformation, and lamellae thickness. All three samples possess the 

same chemical structure but different configurations. Therefore, intermolecular interactions do not 

change in all three samples.  a-hPNB possessing the longest L of ~ 80 nm shows the much lower Tm = 

145C than that of i-hPNB (Tm = 178C). The longest L value is attributed to CDCF in a-hPNB. CDCF, 

however, leads to less stability of the crystal and resultantly leads to the lower Tm than that of i-hPNB.  
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Figure 10. Schematic illustration for molecular dynamics of (a) s-, (b) i-, and (c) a-hPNBs  

 

5.  Conclusion 

Crystallinity, long period, and molecular dynamics of i-, s-, and a-hPNBs were systematically 

investigated. It was demonstrated that atactic-polymer exhibit much higher crystallinity and longer 

long-period than those of stereoregular ones. It was found that a- and i-hPNBs conduct slow 

conformational dynamics below Tcc while s-hPNB does not. Moreover, slow dynamics in a-hPNB 

follows a simple Arrhenius line while the slow molecular dynamics is saturated in i-hPNB at high 

temperatures close to Tcc. Above Tcc, i-hPNB experiences conformation changes from trans to gauche 

conformations and interlock chain dynamics in the high temperature phase. On the other hand, a-hPNB 

conducts fast chain dynamics around its chain axis which includes translations along the chain axis. By 

taking structure and molecular dynamics of all three hPNBs into consideration, it is concluded that 

configurational disorder coupled with conformational flexibility (CDCF) leads to i) unique crystal-

crystal transition, ii) fast chain dynamics around its chain axis, and iii) unusual structural evolution in 
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atactic-hPNB. A novel concept of CDCF will be useful to design a novel semicrystalline polymer which 

may achieve unique structure-property relationship.  

ASSOCIATED CONTENT  
Supporting Information.  Temperature dependence of 13C CPMAS NMR spectra, CSA principal axis 

values, CODEX tevo dependence of i-hPNB, CODEX spin-diffusion correction, CSA simulated pattern. 
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