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Abstract

The crystal structure analysis of a cycloaliphatic polyester, poly(butylene-trans-1,4-cyclohexane
dicarboxylate) (PBCE), is carried out by X-ray fiber diffraction. Depending on the cooling condition, two
crystal forms are identified (o and /). The a form is obtained by slow cooling from the melt, while the § form
is generated during fast cooling. The o form has a triclinic unit cell with a P1 space group, with parameters of
a=546 A, b=689 A, c=13.51 A, a =138.37°, B =109.42°, y = 63.30°. One PBCE chain is located in the
unit cell with the chair conformation aliphatic rings and all trans- conformation methylene segmental parts.
The structural transition and polymorphic transition during the heating and stretching process of PBCE are
investigated by in-situ X-ray scattering. During heating, both the a and f forms show significant lattice
distortion and eventually transform directly into the isotropic melt state. The volumetric thermal expansion
coefficient of the PBCE a form was twice that of its unsaturated analog, poly (butylene terephthalate). On the
other hand, the irreversible f-a transition occurs during stretching, indicating that the § form is a metastable

phase.



1. Introduction

Bio-based polyesters, such as poly (lactic acid) (PLA), poly(e-caprolactone) (PCL), poly(3-
hydroxybutyrate) (PHB), etc., are of great significance for drug delivery, tissue engineering, packaging and
coating," > because of their biocompatibility and biodegradability. New biodegradable polyesters are being

developed in academia and industry in seeking of better performance and lower cost.

Poly(butylene-trans-1,4-cyclohexane dicarboxylate) (PBCE), is a new kind of polyester. Cyclohexane
units are included in the backbone, which enables the PBCE with good thermal stability, even higher than its
aromatic polyester analog, poly (butylene terephthalate) (PBT).>* Compared with linear aliphatic polyesters,
cyclohexane units also increase the stiffness of the chain. Thus PBCE has a relatively high melting
temperature (~ 170 °C).* On the other hand, because the aliphatic ring is more flexible than the benzene ring,
PBCE has a lower glass transition temperature (7, = 20 °C) and higher impact resistance, as compared to PBT.
Below T,, PBCE has two secondary relaxations corresponding to the chain structure (aliphatic ring relaxation
and —(CH,),— block relaxation).” The modulus and strength of PBCE are 830 MPa and 40 MPa, close to those
of poly(l-lactic acid) PLLA,” which meets the requirements for food packaging, gas-barrier films, and
plastics.® The possibility of applications in tissue engineering has also been explored.” ' PBCE can
copolymerize with other monomers, such as dimethyl diglycolate (DMDGQG), camphoric acid (CA), and

bis(hydroxyl butylene) adipate (BHBA), providing versatile thermal and other physical properties.* " >

PBCE is a highly crystalline polymer, as shown by X-ray diffraction. However, the crystal structure of
PBCE has not been solved yet, which limits the deeper comprehension of the solid-state structure. The crystal
structure, especially the chain conformation in the unit cell and interchain packing, is vital for understanding

the physical properties of a polymer.'*

The crystal unit cell is the smallest structural element that possesses physical properties, including
thermal, optical, electrical, and mechanical properties. Structure analysis of polymer crystals is most often
carried out using uniaxial-oriented fiber diffraction.'®> Since the 1950s, with the development of new
polyesters, the crystal structures of these polymers have been revealed.”*** Most of their unit cells belong to

orthorhombic, e.g., poly(lactic acid) PLA g form, poly(e-caprolactone) (PCL)*, poly(glycolic acid) (PGA) «



form® **, poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxyvalerate) (PHV)* or monoclinic cells, such as
poly(butylene succinate) (PBS)*’ and poly(butylene adipate) (PBA)*. Incorporating an aromatic ring in the
backbone usually reduces the symmetry to triclinic, such as in poly (ethylene terephthalate) (PET),*® PBT?,

and poly (butylene-2,6-naphthalate) (PBN).*®

Since there are no reports on the crystal structure of polyesters that contain aliphatic rings, no direct
reference is available for PBCE. The chemical structure of PBCE is most close to PBT, i.c., with a benzene

ring replaced by a cyclohexane ring. Two crystal forms have been reported in PBT: a and f, both of which
have triclinic unit cells.>*” The conformation of & form in PBT is, TGGTGGT and the f form is TTTTTTT.

The PBT chain in f form is more extended, as the § form is only stable under tension.”® Another important
issue in polyester is polymorphism. It was shown that PBCE exhibited different crystalline phases depending
on the thermal and processing history, evidenced by X-ray diffraction.® However, the polymorphism and

polymorphic transition has not been studied yet.

In this work, the crystal structure of the most stable form of PBCE (defined as the a form) was solved by
X-ray fiber pattern. With fast cooling from the melt, a metastable crystal modification (defined as the § form)
was preferentially formed. The £ form transformed to the o form by stretching. An interesting feature of the
PBCE o form is the high thermal expansion coefficient along the @ and b direction, which may be a common

feature in aliphatic ring-containing polymers.
2. Experimental section

2.1 Materials

PBCE was synthesized by condensation polymerization. Trans-1,4-cyclohexanedicarboxylic acid
(CHDA) and 1,4-butanediol (BD) were used as feedstocks and the titanium tetrabutoxide, Ti(OBu)4 (TBT),
was employed as the catalyst. The synthesis procedure has been described in detail in the previous report.’

Deuterated chloroform (containing 0.03% TMS) was purchased from Innochem.

2.2 Preparation of stretched sample of PBCE



The PBCE film with a thickness of ~ 200 um was prepared by compression molding. First, the sample
was melted at 220 °C for 1 min. Then, it was compressed at 220 °C under 50 MPa for 3 min. Finally, the film
was transferred to a cold press for rapid solidification. The dumbbell-shaped specimens were cut from the
middle of the film. The tensile bar was stretched with a rate of 25 um/s at 100 °C to an engineering strain of
600 %, using a Linkam TST 350E hot stage. To increase the crystallinity, the stretched sample was annealed at
150 °C for 12 hours under the protection of inert gas. The slowly cooled sample was first heated to 220 °C,

equilibrated for 3 min, and cooled to room temperature at about 4 °C/min.
2.3 Sample characterization
2.3.1 Gel permeation chromatography (GPC)

The molecular weight and molecular weight distribution of the samples were measured by GPC at 50°C
using hexafluoroisopropanol (HFIP) as the solvent. A Waters €2695 equipment with a 2414 refractive index
detector was used. Narrowly dispersed poly(methyl methacrylate) (PMMA) was used as the calibration
standard. The flow rate of eluent was 0.5 mL/min. The molecule weight distribution curve is shown in Figure
S1 in the Supporting Information (SI). The number-average and weight-average molecular weights of the

PBCE were 38 and 76 kg/mol, respectively.
2.3.2 Nuclear magnetic resonance (NMR)

The chemical structure of the PBCE was characterized by NMR, using a Bruker Advance 400 instrument.
The samples were dissolved in deuterated chloroform with a concentration of 10 g/L. The solution was shaken
for 2 hours to ensure dissolution. The "H NMR spectrum was collected at room temperature. The composition

of the polymer is summarized in Table S1.
2.3.3 Differential scanning calorimetry (DSC)

The crystallization and melting behavior of PBCE was studied using a Perkin Elmer DSC 8500. The
instrument was calibrated with indium before measurement. The sample was heated to 220 °C and maintained

for 3 minutes to eliminate the thermal history. Then the sample was cooled to 0 °C and reheated to 220 °C.



The heating and cooling rate was 10 °C/min. To study the effect of cooling rate, samples were cooled from

220 °Cto 0 °C at 10, 20, 30, 40, 50, and 100 °C/min and with ballistic cooling.
2.3.4 Wide angle X-ray scattering (WAXS)

The 2D WAXS pattern of the oriented PBCE sample was measured using a Xeuss 2.0 X-ray diffraction
system (Xenocs, France). The instrument was equipped with a microfocus CuKo radiation and a 2D
semiconductor detector (Pilatus 300K, Dectris). The stretched PBCE specimen was mounted on a homemade
holder to ensure the X-ray was perpendicular to the specimen. To cover a broader scattering angle and a high
signal/noise ratio, the sample was exposed for 5 hours with 4 different detector positions with a fixed sample
to detector distance (106.85 mm). The samples with different cooling rates were also characterized by WAXS
using a shorter exposure time (30 min) and longer sample-to-detector distance (159.70 mm). The structural
variation during stretching and heating of PBCE was monitored by WAXS. For the stretching experiment, the
sample was stretched at 100 °C on a Linkam TST 350 tensile stage. For the heating, a Linkam HFSX350 was

used to control the temperature (+1 °C). The exposure time was 30 min.

To explore the origin of the double melting peaks, in-situ WAXS experiments were carried out in
beamline 1W2A in the Beijing synchrotron radiation facility (BSRF). A MAR CCD detector with a resolution
of 2048 pixel x 2048 pixel was used for data collection. The distance between the sample and the detector is
104.90 mm.

To compare the experimental with the calculated WAXS curve of PBCE, the 1D WAXS profile of
unoriented PBCE was collected on a Rigaku Smartlab diffractometer operated in reflection mode.

2.3.5 Computer simulations and refinement

The molecular modeling of PBCE was carried out on the Avogadro (version 1.2) platform.”® The initial
model was constructed by high precision conformation energy optimization by CP2K (version 9.1),* in which
the B97M-V functional and TZVP basis set was used.*" ** MultiWFN was also used for special input file

generation.”

After extracting the intensity of the reflections, a hkl format file was manually generated. The atomic

position in the unit cell was refined by Olex2-1.5, by adjusting the torsional angle of the polymer chain.** The



2D WAXS pattern and 1D WAXS profile of the refined structure were simulated according to the structure

factor using a home-written program.
3. Result and discussion
3.1 Basic characterization of PBCE

The molecular structures of PBCE and two isomers of 1,4-cyclohexylene are illustrated in Figure 1(a).
Normally, mixed isomers reduce the regularity of the chains, and cause a depression in melting temperature
(T:) and degree of crystallinity."”*> When PBCE contains nearly 100 % trans- isomers, the 7,, can reach ~170
°C, and the crystallinity is ~40%." The '"H NMR spectrum is showed in Figure 1(b). The chemical shifts of the
hydrogen on the butanediol are 1.7 (b) and 4.1 ppm (a). The peaks at 1.45 (d) and 2.05 (¢) ppm are associated
with the H in the cyclohexylene unit. Magnification of the region 2.1 ~ 2.6 ppm indicates the different
isomers: trans for 2.27 ppm and cis for 2.46 ppm. Their relative amounts were calculated by integration of the
peaks, showing that the PBCE studied contains 97 % trans isomer. Figure 1(c) shows the cooling and second
heating DSC curves of the sample. The crystallization temperature is 146.4 °C. Two endothermic peaks are
observed in the heating curve, 7,,,= 162.6 °C and T,,, = 167.9 °C. The double-meting behavior may be due to a
polymorphic structure or a melting and recrystallization process, which will be discussed later. The thermal
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Figure 1. (a) The molecular structure of PBCE and the cis and trans isomer of 1,4-Cyclohexanedicarboxylic

unit. (b) The 'H NMR spectrum of PBCE. (c) DSC cooling and second heating curves of PBCE.

According to the previous work,® PBCE shows evidence of polymorphism. To give more detailed

information, we studied the WAXS features of samples with different thermal histories: quenched in a cold



mold, slowly cooled (4 °C/min), and stretch films. Figure 2(a) ~ (c) show the 2D WAXS pattern and Figure
2(d) shows the 1-D intensity profiles. It is clear that the slowly cooled and stretched samples share the same
crystal structure, while the quenched sample exhibits a different structure. Since the stretched sample was
obtained by stretching the quenched film at 100 °C, we expect that the crystals in the stretched/slowly cooled
samples are more stable than those in the quenched sample. Thus, the former is named « form and the latter is

named f form.
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Figure 2. The 2D WAXS patterns of PBCE: (a) Slowly cooled (b) Quenched (c) Stretched sample and

intensity profiles (d) 1D WAXS integration curve of (a), (b), (c).
3.2 Fiber pattern and structure analysis

The WAXS pattern of stretched PBCE film (o form) is shown in Figure 3(a). After Fraser correction
(Figure 3(b)),* the layer lines become “flat”, similar to the case of a cylinder detector. The length of the c-axis
of the unit cell can be estimated by 2n/q of the first layer line, which is ~13.5 A. This value most probably
corresponds to an all-trans conformation of the butylene unit. A total of 37 diffraction spots located at 6 layer
lines were identified. The first task of structure analysis is to index those diffraction spots, which was done by
using a home-written code in Python. It turns out that the diffractions of o form can be indexed by a triclinic

cell with the following parameters:



a=546A,b=689A,c=1351A

o =138.37°, f=109.42°, y = 63.30°

Figure 3. 2D WAXS pattern of PBCE stretched film: (a) raw data (b) after Fraser correction.

The fully indexed fiber pattern is shown in Figure S2 in the SI. The X-ray is strictly perpendicular to the
sample, evidenced by the small error in intensity among symmetric diffraction spots (Table S1). Table 1 lists
the experimental and calculated values of spacing of (%k/) lattice planes, where a good agreement can be
found between them. The volume of the unit cell is 301.56 A°, and the calculated density of the unit cell is

1.246 g/cm’ (each unit cell contains one repeating unit). Considering that an inversion center is present in the
chain, the most likely space group is P1.

The conformation of the chain within the unit cell is obtained by computer simulation. We minimized the
conformational energy of PBCE a form by CP2K, under the assumption of a periodic boundary condition with
the unit cell parameters fixed. The energy-minimized conformation is set as the initial model for refinement.

(Figure S3, Table S2 and S3) For the refinement, the observed structure factors of the reflections must be

_ I(hkl)obs
|F (hkD)|ops = ’W

where the observed intensity was corrected for Lorentz factor (L), multiplicity factor (m), polarization factor

obtained:

(p), and absorption factor (4)."***7 For the triclinic unit cell, the m is 2 for all ikl planes of a triclinic unit

cell. However, due to the symmetry of the fiber pattern, the intensity of each reflection is taken from one spot,



and m would be corrected by the number of spots. Finally, the m for (£k0) indices is 1, and 0.5 for (hkl, [ # 0).

K is a scale factor, to normalize the intensity to fit the model.

With those 37 structure factors, the molecular model was refined by Olex2. Since the number of
reflections is limited, to reduce the number of free parameters, the atomic displacement parameters of all C
and O atoms, represented as U,, in the Olex2, were assumed to be isotropic and set as 0.10. The bond length
and bond angle of the molecular chain were also fixed. The torsional angles were adjusted during the

refinement to obtain the lowest R-factor, which is defined as:

_ thl ||F(hkl)|obs - |F(hkl)|calc|
thllF(hkl)lobs

R

After refinement, the R-factor was reduced to 17.22 %, which is a reasonably low value in polymer
structure analysis. The atomic fraction coordinates of PBCE are listed in Table 2. The bond angle and the
torsional angle of the chain are listed in Table 3. As expected, each unit cell contains one repeating unit and
the butylene unit exhibits an all-trans conformation. The fractional coordinates of the inverse centers within
the primitive unit cell are (0, 0, 0), (0.5, 0, 0), (0, 0.5, 0), (0.5, 0.5, 0), (0, 0, 0.5), (0.5, 0, 0.5), (0, 0.5, 0.5), and
(0.5, 0.5, 0.5). The line repetition symmetry group of a-PBCE belongs to #. The cyclohexane rings have a
chair-like conformation. The labels of the atoms in the PBCE structure unit are indicated in Figure 4. The

crystal structure of the PBCE a form is illustrated in Figure 5.

Table 1. Observed and calculated d-spacings and structure factors of the PBCE a form.

h k1 dobs (A)* dcalc (A) |F'0bs|>x< |Fcalc|
1 0 0 488 488 4550 3958
0 1 0 433 4.33 27.80  30.69
1 1 0 393 392 6174 61.84
2 1 0 2.50 15.76
2 0 0 }2-49 2.44 }24-90 11.07
1 2 0 226 2.27 6.40  8.05
0 2 0 216 2.17 6.52  12.86
0 0 1 899 8.97 141 142
0 -1 1 585 586 3323 2751
1 0 1 4.30 25.02
00 1 }4-28 4.28 }41-20 27.94
0 1 1 312 313 4254 4531
q 021 272 2.73 7.64 1057
01 1 238 2.39 16.99 18.44



0 -1 2 578 5.78 513 5.15
0 0 2 450 4.49 415  8.07
1 0 2 331 12.72
10 2 }3-31 3.29 }13-23 10.48
d02 20 317 3.19 6.84  9.00
2 -1 2 269 2.69 476  3.58
1 2 2 215 2.14 9.88  9.20
0 -1 3 426 4.25 6.65 430
-1 3 381 3.84 17.79  17.21
-2 3 336 3.37 483  9.08
0 2 3 307 3.08 11.65  9.42
1 0 3 2.56 2.33
2 203 }2.53 2.55 }7.45 4.72
10 3 2.54 5.80
1 2 3 220 2.19 755 747
102 4 3.13 8.27
0 -1 4 }3-11 3.07 }9-29 5.00
1 -1 4 2.90 2.51
0 -2 4 }2-90 2.89 }15-03 13.99
2 2 4 241 2.44 905 645
0 0 4 224 2.24 362  4.52
2 -1 4 214 2.16 6.05  7.20
0 2 5 252 2.51 11.90  11.30
0 -1 5 235 2.35 211 2.60
q <15 227 14.18
q 305 }2-25 2.27 }13-23 8.49
2 25 218 2.19 1617 13.57
0 -3 5 204 2.03 13.95  17.74
1 -1 5 1.99 13.96
1 2 5 }1-99 1.96 }14-53 22.78

*Some diffraction peaks overlap and cannot be distinguished. The d-spacing and structure factor of the

overlapped peaks are summed up.

c,—0, Cs——Cq 0,
N/ N/
C3—Cy Cy —G
J N /N
0, Cg—C;5 o —GC,

\C]*%

Figure 4. The labels of the atoms in Table 2. (* represent the symmetrically equivalent atom)

Table 2. Atomic Fraction Coordinates of a-PBCE Crystals.

Serial Atom number X y z
1 C1 -0.06185 0.00387  0.04453
2 Hla -0.19055 0.20797  0.11702

3 H1b -0.16267 -0.14236 -0.02233



4 C2 0.15161 -0.07312 0.12428
5 H2a 0.3032  -0.25387 0.05746
6 H2b 0.22178 0.09781 0.20867
7 C3 0.19081 -0.1953  0.25309
8 C4 0.04237 -0.12688 0.35623
9 H4 -0.11177 -0.20837 0.30178
10 C5 -0.07356  0.22252  0.49256
11 H5a 0.07517 0.30944  0.54742
12 H5b -0.19606 0.32048  0.45987
13 C6 0.22902 -0.28608 0.40598
14 Hé6a 0.38502 -0.21134 0.45887
15 Hoéb 0.29717 -0.50677 0.31921
16 01 0.02363 -0.13297 0.17509
17 02 0.43463 -0.29601 0.23029

The unit cell parameters: a =5.46 A, b=6.89 A, c=13.51 A, a = 138.37°, f = 109.42°, y = 63.30°. The space

group is P1. The unit cell contains 34 atoms (17 atoms are listed due to the symmetry). The label of H

indicates the bonded C atoms.

Table 3. The bond angle and the torsion angle of the PBCE chain in the unit cell.

Bond/Torsion angle atoms Bond/Torsion Angle

Cl*-Cl-C2 112.55°
Cl-C2-01 108.09°
C2-01-C3 114.31°
01-C3-02 116.23°
C4-C3-01 113.74°
C4-C3-02 130.04°
C6-C4-C3 111.05°
C5-C4-C3 111.33°
C6-C4-C5 110.26°
C4-C6 - C5* 110.64°
C4 - C5 - Co* 110.27°
C4-C5-C6-C4* 57.75°
C5*-C6-C4-C3 -178.38°
C5%-C6-C4-C5 57.74°
Co6*-C5-C4-C3 178.76°
C6*-C5-C4-Co -57.53°
C6-C4-C3-02 -16.80°
C5-C4-C3-02 106.47°
C6-C4-C3-01 163.36°
C5-C4-C3-01 -73.37°
02-C3-01-C2 -24.07°
C4-C3-01-C2 155.79°
C3-01-C2-C1 177.92°
o1-c2-C1-Cr* -166.43°

C2-Cl-CI*-C2* 180.00°




axsim(p)

Figure 5. The crystal structure of a-PBCE. (a) projection along the a-axis. (b) projection along the b-axis. (c)

projection along the c-axis.

To verify the accuracy of the proposed crystal structure, we compared the experimental 2D WAXS
pattern with the calculated 2D WAXS pattern based on the unit cell model (Figure 6). The calculated structure
factors of the lattice planes of our model are exported from VESTA (Ver. 3.5.8).** Judged by the naked eye,
the two patterns are almost the same. In fact, in Figure 6b, 91 reflections were plotted, much more than the
number of distinguishable peaks in Figure 6(a) (37). However, the rest of them are very weak and are not
visible in the scale of the graph. We also plotted the calculated 1D WAXS curve with the experimental curve.

A good agreement between them is also achieved.
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Figure 6. Experimental (a) and calculated (b) 2D WAXS pattern of PBCE a form. The experimental pattern is
modified from Figure 3(a) after correction for the Lorentz factor, polarization factor, and absorption factor.
The simulated spots are convoluted by 2D Gaussian function assuming standard deviation (o) of 0.4° in 20
and 3.2° in azimuth angle. (¢) Comparison of the observed and simulated 1D WAXS profiles using a
Gaussian convolution with ¢ = 0.2°. Scattering from the amorphous phase was subtracted from the

experimental profile.
3.3 Polymorphism and polymorphic transition in PBCE

As shown in Figure 2, the crystalline structure of PBCE is strongly influenced by the cooling condition.
To further study the impact of cooling rate, WAXS profiles of PBCE samples crystallized under different
cooling rates are shown in Figure 7a. The cooling DSC curves are presented in Figure 7(b). The sample
crystallized at a lower temperature when the cooling rate was higher. The intensities of the diffraction peaks of
the § form gradually increase with rising cooling rates. This indicates that the § form develops at larger

undercoolings and is thus probably a metastable phase.
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Figure 7. (a) 1D WAXS curve of PBCE under different cooling rates. (b) DSC cooing curve with different

cooling rates.

A metastable phase can transform into a stable phase under given conditions. The DSC melting curves
of a and f form are presented in Figure S4. Both of them show double melting peaks, which could be
attributed to a crystal transition or a melting-recrystallization process.” To study the origin of the double
melting behavior, a DSC protocol was designed: the samples with the same initial structures were heated at
different heating rates (5, 10, 20, 30, 50, 70, 100, and 150 °C/min). As shown in Figures S5 and S6, for both
the two samples, with increasing heating rates, the area of the low-temperature peak increased, and the area of
the high-temperature peak decreased. When the heating rate exceeds a certain value, only one peak can be

observed. This indicates the double melting peaks in PBCE is a melting-recrystallization process.””>'

To further explore whether temperature can trigger the transition, the WAXS patterns of a and f form
crystals at different temperatures are measured. As shown in Figure 8a, for the a phase, the WAXS profiles
show clear and continuous changes with temperature. Especially, the (010), (110), and (011) reflections shift
to lower g with temperature, indicating a non-trivial lattice expansion. However, the intensity of diffraction
rings remains relatively unchanged. This implies that the unit cell of the a phase crystallites undergoes thermal
expansion without substantial alteration in chain conformation. On the other hand, as shown in Figure 8(b),
both the position and intensity of the reflections of the £ phase changes with temperature. Further analysis of
the variation of f phase is not possible because of the lack of crystallographic information. When the samples

were cooled to 25 °C from 160 °C, the WAXS recovered completely to the original curve, indicating that both



o and f phases are stable till 160 °C, which is very close to the 7). We further carried out in-situ WAXS
experiments using synchrotron radiation. The temperature variation program is shown in Scheme S1 and the
results are presented in Figure S7 in the SI. The results indicate that during heating the f phase directly
transforms to the melt state. No temperature-triggered f to a was observed for the investigated heating rate (10

°C/min).
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Figure 8. WAXS profiles of PBCE a phase (a) and f phase (b) at different temperatures. The samples were

heated to different temperatures and cooled to 25 °C after reaching 160 °C.

To quantitatively explore the lattice deformation, temperature-dependent fiber diffraction patterns were
used to collect more reflections. In the fiber patterns (Figure 9a), the changes in the equatorial diffraction

peaks are very obvious. The d-spacings of various reflections are plotted in Figure 9(b-e). The changes for

different planes are not the same: d(010), d(110), d(001), d(011), d(011) and d(102) increase with temperature,



while d(100), d(012), d(013), d(113), and d(023) have the opposite trend. With increasing temperature, the

overlapped (-101) and (101) diffractions split.
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Figure 9. The WAXS patterns of PBCE fiber at different temperatures (a) and the d-spacings of planes on the

equator (b) and on different layer lines (c-¢) as a function of temperature.

The unit cell parameters of the PBCE o form were calculated according to the d-spacings shown in

Figure 9. Each set of parameters was optimized through error minimization between the observed and



calculated d-spacings. The temperature-dependent unit cell parameters are presented in Figure 10. It is
observed that @ and b, associated with the interchain packing, increase with temperature while ¢, associated
with the repeating length and conformation, shows a decrease. The decreasing c reflects a change in the torsion
angle of the trans-conformation. The chain conformation may deviate more from the ideal all-trans conformation,
resulting in a slight decrease in the axial length of the molecular chain as the temperature increases. With
temperature increase, the a and y decrease slightly, while f remains essentially unchanged. The overall effect
is that the volume of the unit cell increases from 300 to 316 A’. The thermal expansion coefficient of the unit

cell can be calculated by:>

_1(61/)
W=yt

_1(6x>
Y =% 0T/,

where V' is the cell volume and x is a unit cell parameter (length or angle). The variation of unit cell
parameters is almost linear, so the partial derivative relative to temperature can be considered as the slope of
the fitting function. The thermal expansion coefficients of six parameters and unit cell volume are listed

below:
g, =112x107*K 1, a;, =1.50 X 107*K 1, a, = —5.26 X 107°K 1
ag = —1.64 x 107*K~*, a5 = 9.60 x 107 °K "1, a, = —3.66 X 107*K !
ay =422 x107*K1
According to the literature, the ay, of the unit cell is 3.45x10™ K for isotactic polypropylene (iPP, «

phase)*?, 0.5 ~ 2.5x10* K™ for polyethylene (PE, 50 to 250 K),” 1.4x10* K™ for PHB,* and 2.13x10* K'

for PBT.” Compared with those polymers, a;, of a-PBCE is relatively higher: twice the values of PBT. This
manifests a clear difference between the benzene ring and cyclohexane rings in the backbone, with the latter

having stronger molecular vibrations.
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Figure 10. The unit cell parameters of PBCE a form during heating: (a) a, b, ¢; (b) a, B, y; (c) the volume of

the unit cell. The cell parameters and volume at different temperature are fitted by linear function.

Since the oriented sample was obtained by stretching hot-pressed film (f form), it is likely that the f
form transforms into the a form during deformation. To understand this process, WAXS patterns with different

strains in the stretching process at 100 °C are shown in Figure 11. With increasing strain, the Debye rings



became arcs, indicating that the crystalline structure becomes oriented. 1D WAXS profiles show that the

sample is mainly composed of a form when the strain exceeds 200 %.
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(=)
~

Intensity (a.u.)

Figure 11. In situ WAXS patterns (a) and intensity profiles (b) of the PBCE with different stains during

stretching at 100 °C. The azimuthal integration region is -35° to 35°.

An interesting WAXS pattern is observed for a strain of 100%. The pattern is magnified in Figure 12(a).
The scattering features in the equator and meridian are different. The intensity profiles integrated with
different azimuth angles are presented in Figure 12b, which demonstrates the distribution of crystals with
different orientations. The WAXS profile along the meridian is almost the same as the unstretched sample.
However, the intensity profiles along the equator show the characteristic peaks, (100), (010), and (110) for the

o crystal.

The (hk0) diffraction on the equator is contributed by crystallites with the chain parallel to the stretching
direction. These crystallites already have the “right orientation” and, therefore are likely to undergo plastic
deformation, i.e., strain-induced melting and recrystallization.”*>® On the other hand, the (4k0) reflections on
the meridian correspond to the crystallites with the chain axis nearly perpendicular to the stretching direction.
Thus, the first stage of crystal deformation is rotation/tilt to accommodate the strain. The reflections on the
meridian shift to lower angles, suggesting that instead of crystal transition, the crystals undergo lattice

expansion. A cartoon is drawn to show the spatially heterogeneous transition.
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Figure 12. (a) WAXS pattern of PBCE with 100 % strain; (b) intensity profiles integrated with different

>/

azimuth ranges (the azimuth on the equator is defined as 0°); (c) a scheme illustrating the early stage of crystal

transition of PBCE. The purple crystals contribute to the diffraction in the meridian and the red one to the

equator.

The transition between the a and § forms of PBCE is summarized in Scheme 1. When the PBCE melt is
slowly cooled, it predominantly crystalizes into the a phase. The f phase, on the other hand, is formed under

higher cooling rates (kinetically favored at higher undercooling). The 8 phase transforms irreversibly into the



o phase by stretching, indicating the f phase is metastable. However, during heating at 10 °C/min, the f phase

directly melts, without transforming into the « phase. This indicates a monotropic polymorphism of the two

Slow coolir? PBCE melt \Fast cooling

S form

structures.

N Stetehing_J

Scheme 1. The crystal form transition in PBCE.
4. Conclusion

The crystalline structure and polymorphic transition of PBCE were systematically studied. Two
crystalline phases were identified, namely, the a and f forms. The o form can be obtained by slow cooling or

by stretching the f# form. By the fiber pattern analysis, the crystal structure of the o form was solved. It has a
triclinic unit cell with a P1 space group: a = 5.46 A, b =6.89 A, ¢ = 13.51 A, a = 138.37°, = 109.42°, y =

63.30°. The line repetition symmetry group of a-PBCE belongs to #. With fast cooling from the melt, PBCE
crystallized into another form (f form). The crystal structure of f form was not solved because of the
difficulty in obtaining oriented samples due to the stretching-induced f-a transition. WAXS results indicated a
significant lattice distortion with temperature for both a and S forms. The volumetric thermal expansion
coefficient of PBCE a form was twice that of PBT, which may be related to the nonplanar vibrations of the
cyclohexane ring in the backbone. The f to a stretch-induced transition exhibited a spatially heterogeneous
feature, with the scattering signal on the equator transformed “earlier” than that on the meridian, manifesting

the impact of hierarchical structure on the micromechanical response.

Supporting Information

GPC results of the PBCE sample, the indexed 2D WXRD of stretched PBCE sample, the intensities of

symmetrically equivalent diffraction spots, the atomic fractional coordinate, bond angle, and torsion angle,



unit cell model of the energy-minimized model (before refinement), the DSC results of first heating and
second heating of hot-pressed film, DSC protocol and heating curves of PBCE with different crystal forms,

the thermal protocol and in-situ WAXS results of the o and f PBCE.
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