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ABSTRACT: Poly(octamethylene carbonate) (POMC), as the eighth ~ __------_ ~ __---- -

member of the newly developed biodegradable aliphatic polycarbonate J—— .’ JS— .2
family, demonstrates a reversible crystal—crystal transition, which is

highly similar to Brill transition extensively studied in the nylon family. A jp Heating [y .
With the dipole—dipole interaction in POMC much weaker than the 200 ¢ ~
110/200

hydrogen bonding, POMC exhibits its “Brill transition” temperature at A " Cooling

around 42 °C, much lower than nylons. The two crystalline structures of (o 50 °C

POMC at below and above the transition temperature can be identified.

The transition of POMC is largely associated with the reversible o form p form

conformation change of methylene sequences from trans-dominated at

low temperatures to trans/gauche coexistence at high temperatures.
In recent years, biodegradable polymers are attracting Recently, we are interested in crystallization of APCs, aiming

increasing interest owing to their great potential to solve to better understand the crystal structure and morphology,
the problems of plastic pollution."™ As an important class of which have a major impact on the processability and product
biodegradable polymers, aliphatic polycarbonates (APCs) have properties of the materials. Here, we report a unique phase
excellent physical and chemical properties, biocompatibility, transition of poly(octamethylene carbonate) (POMC), the
and nontoxicity. Particularly, they do not produce an acid eighth member (m = 8) of APC family, which is highly
compound after degradation.’™® Therefore, APCs can not only reminiscent of Brill transition of nylons.'*™2° Using various
replace some nonbiodegradable materials used in packaging, techniques, we intend to elucidate the mechanism of this
agriculture, and so on but, more importantly, have great transition which cannot be observed in other APCs so far. Our
application potential in the areas of biomedicine and investigations can also help to reveal the fundamentals of Brill
pharmaceutics.”~"" Recently, a series of high molecular weight transition.
(MW) APCs (-(CH,),-O-CO-O-],, m = 3—10) are success- The sample of POMC studied possesses a number-average
fully synthesized by using the novel TiO,/SiO,-based catalyst."! MW of 36 kg/mol, of which the synthesis and molecular
Thermal'” and rheological* properties of high MW APCs were characterization are described in the Supporting Information
investigated. Similar to other aliphatic polyesters with regular (SI). The melting temperature (T,,) of POMC is ~68 °C,
chemical structure, APCs are semicrystalline.m’12 Takahashi et detected by differential scanning calorimetry (DSC). With a
al. have reported that poly(trimethylene carbonate) can form a relatively high undercooling, crystallization of POMC was quite
triclinic structure after a long time crystallization at rather low fast at room temperature. One-dimensional (1D) wide-angle X-
temperatures."* Upon molecular dynamic (MD) simulation,
chain packing schemes of other APCs with different m were Received: January 21, 2015
suggested.'® Nevertheless, crystallization behavior of APCs has Accepted: February 20, 2015
not been fully investigated so far. Published: February 23, 2015
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ray diffraction (WAXD) experiment revealed that the crystal-
lized sample rendered two strong diffractions peaked at 26
angles of 20.45° and 23.14°, respectively, corresponding to the
d-spacings of 0.43 and 0.38 nm. At higher crystallization
temperatures (T.s), POMC crystallized slowly. At T, = 50 °C,
the crystallization required more than 4 h to be completed
(Figures S2 and S3 in SI). Interestingly, we found that
crystallization of POMC at high T resulted in a different
structure exhibiting a major diffraction located at 26 of 21.91°
(d-spacing of 0.41 nm). For convenience, we denote the two
crystalline structures observed at around room temperature and
around 50 °C the a and f form, respectively.

To reveal the relationship between the o and f form of
POMC, we employed thermal 1D WAXD to follow in situ the
structure evolution upon cooling and subsequent heating
(Figure 1, the sample preparation protocol for the WAXD
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Figure 1. Thermal 1D WAXD patterns of POMC measured during
(a) cooling from S0 to 30 °C and (b) subsequent heating from 30 to
50 °C (A = 1.54 A).

and other measurements can be found in Figure S4). During
cooling of the sample, which was fully crystallized at 50 °C
(Figure 1a), the diffraction at 20 of 21.91°, the characteristic of
B form, is reduced significantly in intensity when the
temperature is cooled to 42 °C. Meanwhile, two new peaks
appear on both sides of the # form diffraction. Upon further
cooling, they become stronger and continuously shift toward
opposite directions. At 30 °C, the two peaks are located at 26 of
20.45° and 23.14°, respectively. This observation indicates a
transition from f to o form. Figure 1b presents the 1D WAXD
profiles recorded during heating from 30 to S0 °C. When the
temperature crosses over 42 °C, the a form diffraction
disappears, and that of the f form resets, manifesting the a-
to-f transition.

The phenomenon shown in Figure 1 is very similar to that of
Brill transition of nylons. Many members of the nylon family
demonstrate a reversible transition featuring two diffraction
peaks converging into one with increasing temperature,”_w’21
which was first found by Brill in 1942."° In Figure 2a, we plot
the d-spacings of high angle diffractions of o and f form of
POMC as functions of temperature, describing quantitatively
the reversibility of a—f transition of POMC. Similar to that
found in nylons,'” a slight hysteresis of the transition
temperature is observed between the cooling and heating
process. In addition, the transition temperature depended on
the initial T, applied (Figure SS), which is also observed in
nylons."

Figure 2b depicts the DSC thermograms of POMC. After the
sample was crystallized into # form at 50 °C, an exothermic
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Figure 2. Temperature dependence of various experimental data of
POMC. The sample used was crystallized at T, = 50 °C. (a) Variation
of d-spacings (d,;, and d,q) on cooling from 50 to 30 °C and on
subsequent heating to 65 °C. (b) DSC cooling and heating trances
recorded on cooling and on subsequent heating. (c) The dynamic
Young’s modulus (E’) on heating and subsequent cooling.

peak around 42 °C is detected upon cooling. During heating,
we observe an endotherm peaked at a temperature slightly
higher than 42 °C, which is followed by a major melting
process beginning at above 55 °C. This result indicates that the
a—p transition of POMC is a first-order transition.”* With a
small amount of latent heat, this transition may not invoke a
dramatic change of chain packing. To analyze the crystal
structures of @ and f form, we performed two-dimensional
(2D) WAXD measurements using the oriented sample
prepared by uniaxially stretching the crystallized POMC at
ambient condition. Figure 3a—c shows the 2D WAXD patterns
recorded at 30, 50, and 30 °C (after a heating—cooling cycle),
respectively, with the stretching direction along the meridian.
The 1D intensity profiles obtained from integration of the 2D
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Figure 3. 2D WAXD patterns of POMC taken at (a) 30 °C, (b) 50 °C
(upon heating), and (c) 30 °C (upon subsequent cooling). (d) 1D
integration results of the 2D WAXD patterns shown in (a), (b), and
(c). The wavelength of synchrotron X-ray radiation is 4 = 1.24 A. The
sample stretching direction is along the meridian.
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WAXD patterns are plotted in Figure 3d, consistent with the
1D WAXD results (Figure 1). Therefore, the oriented sample
shares the same a—f transition with the powder POMC.

The 2D WAXD experiments confirm that uniaxial stretching
can produce the sample with high degree of orientation. At 30
°C, a series of diffraction arcs appear on the equator, with the
two strongest ones (1 and 2, indexed in Figure 3a)
corresponding to the d-spacings of 0.43 and 0.38 nm. In the
quadrants, a sharp diffraction with the d-spacing of 0.66 nm (3
in Figure 3a) is observed. Assigning 1 and 2 the (110) and
(200) diffraction, respectively, and 3 the (002) diffraction, we
can obtain a monoclinic unit cell for the @ form with a = 0.77
nm, b = 1.01 nm, ¢ (chain axis) = 2.52 nm, and a = 31.5°. All
the diffractions observed in the 2D WAXD pattern can thus be
well indexed, of which the results are summarized in Table S1
(the detailed analysis of the crystal structures of POMC will be
published with other APCs). Compared to that recorded at 30
°C (Figure 3a,c), the 2D WAXD pattern at 50 °C (Figure 3b)
looks quite similar, with the chain orientation maintaining
perfectly along the meridian. The most obvious change is that
the 1 and 2 merge together on the equator. On the other hand,
the diffraction spot 3 moves slightly to a higher 26 angle. Note
that less diffractions can be detected at 50 °C than at 30 °C,
resulting in more difficulty in crystal structure determination.
Tentatively, we assume again the diffraction 3 to be (002) and
those on the equator to be (hk0). As a result, the unit cell of
form, which is also monoclinic, possesses a = 0.81 nm, b = 0.89
nm, ¢ (chain axis) = 2.42 nm, and @ = 31.9°. The
crystallographic data of # form are listed in Table S2.

For both the a and f form, the monoclinic unit cell contains
four repeating units and two chains. According to the chemical
structure of POMC, it is considered that the dipole—dipole
interaction given by carbonate groups is critical for the chain
packing in crystals. The adjacent carbonate groups in a same
chain should orientate in opposite directions and can interact
effectively with that of neighboring chains, which are
antiparallel, through the dipole—dipole interaction. A sort of
“sheet” structure may thus be formed (schematic draw is shown
in Figure 4, upper panel), which is somewhat similar to the
hydrogen-bonded sheet in nylons. In this context, it seems
understandable that the a—/f transition of POMC can share
some common feature with Brill transition of nylons.
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Figure 4. Schematic illustration of possible chain packing scheme of
POMC in the @ and f form. Upper panel: The assumed “sheet”
structure formed due to intermolecular dipole—dipole interaction.
Lower panel: The projection of the lattices of a and f form along the
chain direction.

The mechanism of Brill transition remains controver-
sial.'"”'®2372% One reason for this is that the crystal structure
of nylons at above the Brill transition temperature, which can
be rather high (e.g, close to 200 °C), is not yet well resolved. It
is considered that the conformational change of methylenes in
nylons with temperature can be the main origin of Brill
transition.'”*">*~*! Employing solid state NMR and MD
simulation, English et al. have found that the methylene groups
of nylon-6,6 exhibit large amplitude motions above the Brill
transition temperature, but the hydrogen-bonded sheets are
maintained until the melting of nylon-6,6.">” Tashiro et al.
have studied the Brill transition of nylon-10,10 by using Fourier
transform infrared spectroscopy (FT-IR)*"** and MD simu-
lation.*® The trans-dominated conformation of methylenes at
low temperatures is observed to change into the trans/gauche
coexistence when the temperature becomes higher than the
Brill transition temperature. Furthermore, they analyzed the
WAXD fiber patterns of nylon-10,10.>" The diffraction patterns
corresponding to the zigzag conformation of methylenes
become diffuse after the Brill transition, consistent with the
FT-IR results. However, the repeating period of nylon-10,10
formed by the intermolecular hydrogen bonds is still remained
in the high temperature phase.

As mentioned above, the comparison between the 2D
WAXD patterns of POMC at 30 and 50 °C reveals that the
crystal structures at below and above the a—f transition
temperature should have the chain packing schemes similar to a
large extent. Analogous to that of nylons, the a—f transition of
POMC is presumably also largely caused by the conformational
change of methylenes. In Figure 3a,c, the diffractions of the
trans-dominated conformation of methylenes (denoted by the
dashed ellipses in Figure 3a,c) are clear for the & form. At S0 °C
(Figure 3b), they become diffuse after the transition, suggesting
that the f form has the methylenes more disordered. This
observation is very similar to that found in nylon-10,10.*'

The conformational change of methylenes of POMC can be
well demonstrated by FT-IR experiments, of which the result is
shown in Figure 5. The absorption bands in the frequency
range of 1440—1500 cm™ is assigned to the CH, bending
mode. In particular, the bands at 1480 and 1469 cm™ are
associated with the trans- and gauche-dominated conformation,
respectively.>>">* During cooling the absorbance at around
1480 cm ™" increases (Figure Sa), while a reversed variation can
be observed during heating (Figure Sb). Figure Sc plots the
intensity ratio of the band at 1480 cm™ to that at 1469 cm™
(I4s0/I1460) versus temperature. Assuming that the two
corresponding vibration modes have the absorption coefficients
nearly identical, the increase of I 450/l 49 suggests that the
population of trans-dominated methylene sequences increases
with lowering temperature. Moreover, the rise of I450/I 460
speeds up at around 40 °C during cooling, in accordance with
the process of a—f transition detected by WAXD and DSC.

The trans—gauche conformational change of the methylene
sequences will affect the molecular packing. A straightforward
anticipation is that with more gauche conformation the ¢ axis of
p form shall be shorter compared with that of a form.
According to the unit cell parameters deduced from the 2D
WAXD results, it can be estimated that when the a form
transformed into the f form the ¢ axis contracts about 4%,
much lar%er than the 0.18% thermal contraction of poly-
ethylene.”> Itoh has reported that the molecular chains of
nylon-6, -6,6, and -6,10 contract 2.2, 3.7, and 3.9% during Brill

DOI: 10.1021/acsmacrolett.5b00045
ACS Macro Lett. 2015, 4, 317-321


http://dx.doi.org/10.1021/acsmacrolett.5b00045

ACS Macro Letters

a ' ,~1480cm” Cooling b
1469 cm”
Ve

' ,1480cm” Heating
1469 cm’”
Ve

o [
e o
c
B ©
2 10-C £ 10+
2 14C 2 14°G
g} 18 <C| o 18-Q
< 22 +C < 22G
26 -C 260
0 -C 30-Q
34 -C 34-q
38 -C| 38
2 -Cl 42-d
46 - 46
50 - 50 -Q
T T T T T T
1480 1460 14140 1480 1460 14140
Wavenumber (cm™) Wavenumber (cm’)
4
i ‘l 1745
1.3 ‘E
2 L1744
12 3
= E-]
H € 1743
-11 3
F
10 é 1742
00 —+ Cooling—s— Heatin 1741 —=— Cooling ——Heating

50 10 20_30 40 50 60 70 80

10 Temperature (°C)

Tg&pera:;t?lre (‘él;
Figure S. (a, b) FT-IR spectra of POMC in the range of 1440—1500
cm™" obtained from cooling and subsequent heating process,
respectively. (c) The intensity ratio of the band at 1480 cm™ to
that at 1469 cm™ (Ij450/I1469) and (d) the band wavenumber of
carbonyl stretching as functions of temperature. Before FT-IR
experiments, the sample was fully crystallized at T, = 50 °C.

transition, respectively.24 Our observation is close to these
values.

Another consequence of the conformation change of
methylene parts is the variation of a and b parameters. As
shown above, compared with the a form, the  form of POMC
possesses a larger a but a smaller b, leading to the d-spacings of
(110) and (200) almost identical (i.e., 0.41 nm). In this case,
when viewing along the c¢ axis, we can observe that the POMC
chains in the # form are placed on a pseudohexagonal lattice,
which is different from that in the a form (see the lower panel,
Figure 4). This implies that while the methylene sequences
become more disordered the carbonate groups may not register
as well as that in the a form. The dipole—dipole interaction
between the carbonate groups should be weakened upon
heating, but it still intends to keep the ordered chain packing in
the f form. Figure 5d depicts the wavenumber of carbonyl
stretching (vco) of POMC changing with temperature (the FT-
IR spectra are presented in Figure S6). During the a—f
transition, the value of v¢g slightly increases with increasing
temperature, which may be associated with the weakening of
dipole—dipole interaction. When the sample started to melt at
above 55 °C, a jump of vcq is observed, suggesting that the
carbonyl groups enter a completely new environment where
the dipole—dipole interaction in the crystal is destroyed. This
result supports that the mechanism of @—/ transition of POMC
is mainly the trans—gauche conformational change of
methylene sequences. Moreover, loosening the dipole—dipole
interaction allows that chains can “jump/rotate” between (110)
and (200) in the 8 form.

It is interesting that POMC exhibits its a—f transition very
similar to Brill transition of nylons. In POMC crystals, the
carbonate groups provide the dipole—dipole interaction
between neighboring chains, much weaker than the hydrogen
bonding of nylons which even cannot be completely destroyed
at above T,.>° As a result, the a—f transition (or “Brill

320

transition”) temperature and T, of POMC are much lower
than that of nylons.

It is well-known that Brill transition is widespread in the
nylon family.'****** However, in our study of APCs (m = 3—
10) with similar MW, only POMC, that is, APC-8 (m = 8) has
been found to possess the “Brill transition” so far (see Figure
S7). The exact reason to account for this is unclear at this
moment. It may reflect the delicate balance between the
methylene segment mobility and the weak dipole—dipole
interaction. It is worth mentioning that poly(hexamethylene
dithiocarbonate) (PHMDC, [-(CH,)4-S-CO-S-],) reported by
Berti et al. renders a reversible crystal—crystal transition at
around 80 °C.>” WAXD result of the transition of PHMDC
also looks like that of Brill transition. PHMDC and POMC are
comparable. Between the two adjacent carbonyl groups, the
effective lengths of -S-(CH,)-S- and -(CH,);- are similar. Since
the electronegativity of the sulfur atom is lower than that of
oxygen, the strength of the dipole—dipole interaction between
PHMDC chains should be stronger than that in POMC.
Consequently, PHMDC possesses higher “Brill transition”
temperature and T,,.

It can be expected that “Brill transition” will affect the
mechanical properties of POMC. In this report, some
preliminary results based on dynamic mechanical analysis
(DMA) are shown in Figure 2c. When heating the fully
crystallized sample from 10 °C, the storage modulus (E’)
decreases slowly at the beginning. A sharp decrease of E’ is
observed in the temperature range from 30 to 44 °C, followed
by an increase of E’. The E’ reaches a minimum at the
temperature of 44 °C. Therefore, the process of methylene
conformation changing from trans-dominated to trans/gauche
coexistence makes the sample softer. The minimum E’ is 53.6
MPa, only a half of that measured at 10 °C. Upon cooling the
sample, the E’ decreases first and then increases, with a
minimum observed at around 40 °C. Currently, more
investigation on the mechanical properties of POMC, which
depend on the crystal structure and morphology, is undergoing
in our lab.

In summary, we find a reversible crystal—crystal transition,
namely, a—p transition of POMC by using different techniques.
In many aspects, the a—f transition of POMC looks highly
similar to Brill transition of nylons. The crystalline structures of
the a and f forms can be analyzed based on 2D WAXD, both
of which are monoclinic. Our FT-IR results indicate that the
transition is mainly caused by the conformational change of the
methylene sequence from trans-dominated at low temperatures
to trans/gauche coexistence at high temperatures; in addition
to that, the dipole—dipole interaction between the carbonyl
groups becomes weaker. This physical picture agrees with that
for nylon’s Brill transition proposed by English, Tashiro et al. In
APC family, we only observe that POMC possesses the “Brill
transition” at this moment. To better understand the
crystallization behavior and the structure—property relationship
of the green materials of APC, more investigation is required.
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Synthesis and characterization of POMC, detailed experimental
procedures, and additional experimental data. This material is
available free of charge via the Internet at http://pubs.acs.org.
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