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ABSTRACT

Poly (hexamethylene carbonate) (PC6) and poly (octamethylene carbonate) (PC8) were studied
under different crystallization conditions. Using differential scanning calorimetry (DSC), a new
solid-solid transition, denoted « to ¢ transition, was detected at low temperatures (<RT) in both
PC6 and PC8 samples. The « to ¢ transition was represented by exothermic (i.e., a to 6) (-6 °C
(PC6) and —20 °C (PC8)) and endothermic peaks (i.e., ¢ to «) (15 °C (PC6) and 28 °C (PC8)),
during cooling and heating DSC scans, respectively. Isothermal tests revealed that this solid-
solid transition depends on the specific thermal history, since it is not observed at isothermal
temperatures higher than room temperature. Still, it is detected in the subsequent cooling and
heating scans. Wide-angle X-ray scattering (WAXS) and Fourier-transform infrared
spectroscopy (FT-IR) experiments were performed at identical conditions to those by DSC.
WAXS experiments showed lower d-spacings in the 6 phase than in the a one, corresponding to
a unit cell shrinkage, explained by a more efficient packing of the methylene groups in the ¢
phase. The ¢ phase is also characterized, according to FT-IR experiments, by more ordered
conformation of the methylene groups (i.e., reflected in the appearance of a new absorption band)

compared to the less ordered conformation in the a phase.

Keywords: aliphatic linear polycarbonates, solid-solid transitions, Brill-like transition, ordered

and disordered conformations, unit cell shrinkage



1. Introduction

Aliphatic polycarbonates (PCs) are attracting a growing interest among biodegradable
polymers since they show attractive chemical and physical properties and excellent
biocompatibility and nontoxicity.1> PCs show unique degradation since they can degrade by
surface erosion without producing acid compounds.®® Moreover, they also exhibit high ionic
conductivity, good electrochemical stability, and high lithium transfer number.® As a result, PCs
are suitable to meet demands in agriculture and packaging applications,*® medical applications

(e.g., biomedicine and pharmaceutics)'* 12 and solid polymer electrolytes.®

Traditionally, the repeating length of PCs (ncH2) was limited by the synthetic route of ring-
opening polymerization (e.g., the size of the ring).> ® '* Nowadays, PCs can be obtained with
different ncH2 numbers and without potentially toxic impurities by organocatalysis, allowing the
adjustment of physical properties in a broader range. In a preceding work,*® we studied PCs in
the range of ncH2= 6 to 12 and we were able to identify an even-odd effect. The even-odd effect
was limited to ncH2=6 to 9, with even samples (ncH2=6 and 8) showing a monoclinic unit cell and
the odd ones an orthorhombic one. As the ncu2 values increased, the even-odd effect was
saturated for ncn2=10 to 12. In this region, both even and odd samples showed an orthorhombic
unit cell, and a PE-like dominated conformation, due to the weakening of the carbonyl group

influence as nch2 values increased.

Another interesting feature of PCs, specifically for poly (octamethylene carbonate) (PC8)
was reported by Zhao et al.}* They found that PC8 shows a reversible crystal-crystal transition (a
crystalline phase is transformed into another crystalline phase without entering an isotropic
liquid phase?®), in analogy to the Brill transition in the nylon family.52% The Brill transition can

be considered as a first-order transition but with a second-order character (i.e., it occurs
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gradually and continuously in a wide range of temperature, independently of the molecular
weight?%).% It shows a hysteresis effect,?’ depending on the crystallization condition and thermal
history,?® 2° and its main characteristic is the merging of the two main X-ray reflections

(intersheet and intrasheet interstem distances?®) into a single one, with a d-spacing of 0.42 nm.

Different interpretations have been proposed to explain the Brill transition, from forming a
pseudohexagonal arrangement to the disorder of methylene groups and recently pleated/rippled
sheet structures. Even though the pseudohexagonal arrangement is found in nylon 6,6, other
nylons (that show the Brill transition) have triclinic and monoclinic unit cells.*® 3! Thus,
alternatively it has been proposed that the origin of the transition is related to higher mobility or
disorder of methylene groups,*® 1° 26 or the aliphatic part, that leads to a new packing, or to a
disruption of the initial hydrogen bonds to form new interactions.?” In this new phase, i.e., Brill
transition region, the intermolecular hydrogen bond strength is weakening.'® Recently, a new
approach that recognizes the pleated/rippled sheet structures (i.e., conformational isomers 24)
has been proposed by Lotz.?® According to this approach, the Brill transition is the sum of
different processes, involving the generation of pleated and/or rippled sheet structures, its
transformation to sheets (intrasheet process), and finally, the formation of temporary intersheet
hydrogen bonds (under favorable conditions), leading to the characteristic reflection at 0.42

nm.23

The 0.42 nm characteristic reflection (i.e., named as Brill form or S-phase) was also found in
PC8 and poly (hexamethylene dithiocarbonate) (PDC-6).32 3 For PC8, Zhao et al.** designed a
thermal protocol, performing an isothermal crystallization, at 50 °C (i.e., to detect the g phase),
followed by a cooling scan to 25 °C, and a subsequent heating scan to 80 °C (i.e., to detect the a

phase at T < 50 °C (Note that in the a phase more than two reflections are detected)). An
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exothermic peak was found at ~42 °C during the cooling scan. This peak was related to the 5 to «
transition. The subsequent heating shows the process reversibility since an endothermic peak at
~45 °C, related to the o to g transition, was found. This experiment was also reproduced during
FT-IR and WAXS experiments, finding that the a phase is present at low temperatures (<42 °C)
and shows trans-dominated conformation, strong dipole-dipole interactions between carbonyl
groups, and a monoclinic unit cell. On the other hand, the £ (i.e., Brill transition region) phase of
PC8 present at high temperatures (>42 °C) shows a trans/gauche coexistence, weakening the
dipole-dipole interactions between the carbonyl groups and a monoclinic unit cell. The evidence
found by Zhao et al.** to explain the Brill-like transition is in line with those found in the nylon
family.*® 26 However, it should be noted that the exact nature of the Brill transition is still elusive,

and its nature is still debated.2?

Zhao et al.*? substituted the carbonate groups of a poly (hexamethylene carbonate) (PC6) by
dithiocarbonate groups to obtain a PDC-6. In this way, a stronger Brill transition was obtained.
The Brill transition in PDC-6 was also reported by Berti et al.>® They found that the analogous
PC6 does not show any solid-solid transition because sulfur atoms have lower electronegativity
than oxygen atoms, and hence there are weaker polar inter-and intramolecular interactions in
PC6 as compared to PDC-6.% It is worth noting that solid-solid transitions are not reported in

other works related to PC6 samples.®*

Our previous work pointed out that both PC6 and PC8 samples show atypical exothermic
and endothermic transitions that might be related to solid-solid transformations.®> These
transitions were detected during non-isothermal differential scanning calorimetry (DSC)
experiments, and further studies were needed to understand their origin. In the case of the PC8,

in this work, we not only corroborate the found Brill transition reported by Zhao et al.,** but also
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we report a novel different transition at lower temperatures.

In this work, we carefully study the origin of the solid-solid transitions mentioned above,
in PC6 and PC8 samples, through a systematic characterization that includes performing non-
isothermal and isothermal DSC experiments. In-situ Wide-angle X-ray Scattering (WAXS) and
Fourier-transform infrared spectroscopy (FT-IR) experiments were performed to understand the

origin of this new transition in PC6 and PC8 samples, namely the « to ¢ transition.

2. EXPERIMENTAL

2.1. Materials

Both poly (hexamethylene carbonate) (PC6) and poly (octamethylene carbonate) (PC8) were
prepared by conventional polycondensation of aliphatic diols and dimethyl carbonate following a
previously established protocol. Briefly, the melt-polycondensation was performed using 4-
dimethylaminopyridine (DMAP) organocatalyst in two steps at 130 and 180 °C under vacuum.

For more details, see references 9 and 35.

2.2. Differential Scanning Calorimetry (DSC) Experiments

A Perkin Elmer DSC, model 8500, connected to a controlled liquid nitrogen accessory
(CLN2), was employed to perform the DSC experiments. The instrument was calibrated with
indium and zinc standards and was operated with a constant flow (20 mL/min) of ultrapure No.
All the samples were encapsulated in aluminum DSC pans. In all the cases, a sample weight of

circa 5 mg was used. The employed thermal protocols are described below.

Non-isothermal DSC tests

The samples were heated, as received, from room temperature (RT) to T (i.e., the



temperature of erasing thermal history), to register the first heating scan. The samples were
maintained at T for 3 min, and then were cooled until —40 °C, and maintained at that temperature
for 1 min. The second heating scan was recorded by heating the samples from —40 °C to T. All

the employed scanning rates were 20 °C/min.
Isothermal DSC experiment followed by non-isothermal tests

To perform isothermal crystallization tests, we first determined the minimum
crystallization temperature (Tc, min) that can be employed without sample crystallization during
cooling from the melt to the isothermal crystallization temperature (Tc) at a rate of 60 °C/min and
used it as the starting point of the isothermal experiments, as is recommended in the protocol

reported by Lorenzo et al.>®

The thermal history of the samples was erased at T, and then they were cooled at
60 °C/min until Tc (Tc>Temin), and held at this point enough time to reach a complete
crystallization, registering the isothermal crystallization behavior of the sample. Normally, after

the isothermal step, the sample is heated from T to record its subsequent melting.

In this work, we introduced, after the isothermal step, a modification of the above-
described protocol. The aim of this modification is to amplify the signal of the crystal-crystal
transition, following Zhao et al.!* Thus, after applying isothermal steps at three different
selected T¢, we perform subsequent cooling and heating scans, at 20 °C/min and therefore
imprinted different thermal histories in the material. The sample was cooled down to 25 and also
to —40 °C for the PC6, and to 10 and —40 °C for the PC8. In both cases, the temperature was held
for 1 min. During the cooling and heating scans, we can record any extra transition on the sample

after the isothermal crystallization.



2.3. Wide-angle X-ray scattering (WAXS) experiments

WAXS experiments were performed in-situ at the beamline 1W2A of Beijing Synchrotron
Radiation Facility (BSRF). The sample-to-detector distance was 140.9 mm, the pixel size
172x172 um?, and a Pilatus 1M detector (resolution 981 x 1043 pixels) was employed. The
wavelength was 1.54 A. The thermal protocols described in Section 2.2 were reproduced in a
Linkam TST350 hot stage, taking WAXS patterns simultaneously with an exposure time of 10

seconds.
2.4, FT-IR

A Nicolet 6700 Fourier transform infrared (FT-IR) spectrometer of Thermo Fisher connected
to a Linkam FTIR 600 hot stage coupled to a liquid nitrogen supply was employed. The PC6 and
PC8 samples were film-cast in chloroform (by dissolving 5 mg of sample in 1 mL of CHCIs)
onto potassium bromide (KBr) plates. The described protocols in Section 2.2 were reproduced in
the hot stage. We recorded FT-IR spectrum using holding times of 1 min and with a resolution of

4.0 cm™ at each selected temperature and coaddition of 32 scans per spectrum.

3. RESULTS AND DISCUSSION
The PC6 and PC8 samples were studied with different crystallization conditions, created with
non-isothermal and isothermal experiments. The applied thermal protocols were analyzed with

DSC, X-rays, and FT-IR experiments, and their results are shown below.

3.1. Non-isothermal experiments
Figure 1 shows the DSC cooling (Figure 1a) and subsequent heating (Figure 1b) scans for

PC6 and PC8, performed with cooling and heating rates of 20 °C/min.
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Figure 1. Non-isothermal DSC (a) cooling and (b) second heating scans performed for PC6 and
PC8. The asterisk (*) indicates the position of the new transition found during the cooling and

heating scans.

Figure 1 shows that besides the usually reported thermal transitions (i.e., crystallization
and melting temperatures) for PC6 and PC8,*® there are exothermic and endothermic peaks (see
the asterisk in Figure 1) below RT, detected during cooling, at —6 °C (PC6) and —20 °C (PC8),
and second heating scans, at 15 °C (PC6) and 28 °C (PC8). None of these transitions are present
during the first heating scan, as shown in Figure S1 on the SI. Thus, they are transitions that

depend on the specific thermal history applied, and their origin is discussed below.

For PC8, a crystal-crystal transition has been already reported by Zhao et al.** They
found an « to £ (i.e., Brill-like region) transition, similar to the Brill transition, during cooling

and heating scans, at 10 °C/min, after isothermally crystallizing the sample at 50 °C. They
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detected an exothermic peak at ~42 °C, and an endothermic peak at 45 °C during the cooling and
heating scans, respectively. These peaks were assigned to the f to a (i.e., cooling), and o to £ (i.e.,

heating) transitions, respectively.

In this work, we study new transitions below RT (besides the already reported o to g
transition in the PC8) in both PC6 and PC8. As far as the authors are aware, this is the first time
these transitions are reported, and their origin studied. In our previous work,*® only non-
isothermal experiments (with DSC, X-rays, and FT-IR techniques) were performed on these
samples but we focused on the even-odd effect of melting temperature. In this new contribution,
we have performed a series of different experiments designed to elucidate the origin of these

novel low temperature solid-solid transitions.

3.2.Detection of transitions after isothermal test

The protocol employed by Zhao et al.}* (i.e., non-isothermal scans after isothermal
crystallization) was adapted to our samples. In this case, after the isothermal crystallization test,
the samples were cooled until different temperatures (i.e., between 25 and —40 °C). Figure 2
shows the cooling (to —40 and 25 °C) and heating scans after the isothermal crystallization of the
samples at selected T¢ values (i.e., 42 °C (PC6) and 44 °C (PC8)), for PC6 (Figures 2a and b) and
PC8 (Figures 2c and d). The samples were also isothermally crystallized at other temperatures, as

is shown in Figure S2.
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Cooling and subsequent heating after isothermal step

— Cooling until -40 °C—— Cooling until 25 °C —— Cooling until 10 °C

(a) PC6 cooling from T =42 °C (b) PC6 heating . ]
melting ]
of a ]

melting ]
of a

D, Zi 18 PaW.Io} s|e1shio o

..
MW oz

0.5 mw
(Mmw) dn opu3 ‘moj JesH

(d) PC8 heating melting]

(c) PC8 cooling from T =44 °C

N

ptoa

Heat Flow, Endo Up (mW)

ptoa

\atoé‘

D i 1€ pauiioy sje1shin g

-éO 0 20 4.0
Temperature (°C)

Figure 2. (a, ¢) cooling and (b, d) heating scans at 20 °C/min after isothermally crystallizing the
samples at the indicated crystallization temperatures for PC6 (Figures 2a and b) and PC8

(Figures 2c and d) samples. The different transitions are indicated with arrows.

Figures 2a and b show the cooling and heating scans for PC6. If the sample is cooled
from its T¢ value (i.e., 42 °C) until 25 °C, there is no exothermic peak, and the subsequent
heating shows a main melting peak of the isothermally crystallized crystals, denoted as «. But, if
the sample is cooled from its T value (i.e., 42 °C) until =40 °C, it is detected an exothermic peak
(~12 °C). This exothermic peak is due to a new transition that we have denoted, « to ¢ transition
(see that this peak is similar to the asterisk in Figure 1). In the subsequent heating scan, the
reverse of this transition occurs in an endothermic peak (~16 °C), denoted as ¢ to a, similar to the
peak (see asterisk in Figure 1) detected during the non-isothermal experiments. Then, the «
crystals formed during the isothermal crystallization step, melt, at exactly the same position as

when the sample was cooled until 25 °C. This melting corresponds to the melting of the «
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crystals.

For PC8 (Figure 2c and d), cooling either until 10 °C or —40 °C, evidences the f t0 «
(exothermic peak) and the o to £ (endothermic peak at low temperatures) transitions reported by
Zhao et al.}* When the sample was cooled to —40 °C, besides the transitions mentioned above, a
new exotherm (~ —13 °C, even with higher area than the g to a peak), denoted as « to ¢, and an
endotherm (~33 °C), denoted as ¢ to a, appeared (note that these peaks are also detected in non-
isothermal experiments, as we pointed out with an asterisk in Figure 1). These transitions have
never been reported before. The reversibility and hysteresis of the ¢ to « transitions, of both PC6
and PC8, allows us to conclude that they correspond to solid-solid transitions at low

temperatures. Below we investigate their origin.

For PC8, we confirm that the Brill-like transition (i.e., a to ) increases as Tc increases
(see Figure S2), as reported in the literature.!* 732 Interestingly, the « to ¢ transitions, for both
PC6 and PC8 also increase with Tc. The transitions mentioned above are reflected in the WAXS
and FT-IR experiments through shifts in the g positions of the main peaks and changes in the

appearance of absorption bands. These changes are discussed below.

3.2.1 Real-time WAXS/After Isothermal experiments
The modified isothermal protocol performed with DSC was reproduced and applied in a
hot stage, and at the same time, in-situ WAXS patterns were taken. As shown in Figures 3 and 4,
the solid-solid transitions described above are related to a shift in the g positions of the main
reflections. The most significant changes occur at the same temperatures detected by DSC (see

Figure 2). The changes suggest different packing between the ¢ and the a phase.

The crystalline structure of PC6 has not been determined by using fiber patterns.
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However, in our previous work,*® we have estimated the unit cell parameters of PC6 considering
its similarity with the known crystalline structure of its polycarbonate glycol analog.®” Thus, PC6
can be indexed to a monoclinic unit cell with a=0.746 nm, b=0.631 nm, and «=60°, with its main
peaks at g=14.3 nm™* (26=20.1°) and 16.8 nm™ (26=23.8°) (i.e., d-spacing of 0.441 and 0.373 nm,

respectively), corresponding to the (110) and (200) planes, respectively.

For PC8, Zhao et al.}* determined that its & and S forms are both monoclinic. The a unit
cell show parameters of a=0.77 nm, b=1.01 nm, c (fiber axis) =2.52 nm, and «=31.5°, and their
main peaks at q=14.5 nm? (26=20.45°) and 16.4 nm™* (20=23.14°) (i.e., d-spacing of 0.430 and
0.380 nm, respectively) indexed to the (110) and (200) planes. The g form displays a larger a
value (a=0.81 nm), but a smaller b dimension (b=0.89 nm) than the « form, leading to d-
spacing= 0.41 nm, corresponding to the (110)/(200) planes. Also, the g form shows a ¢ (chain
axis)= 2.42 nm, and a= 31.9°.** In the g form, the only reflection is obtained at g=15.5 nm™
(26=21.91°). Note that in references 14 and 37, the a-axis is defined as the unique axis; and the
monoclinic angle is chosen to be lower than 90°. For the sake of clarity, below we analyzed the

PC6 and PC8 samples, separately.
PC6 WAXS Analysis

Figure 3 shows WAXS patterns taken for PC6 during cooling (from T.=42 to —40 °C
(Figure 3a) and T¢=42 °C to 25 °C (Figure 3b)) and heating scans (from —40 to 85 °C (Figure 3c)

and 25 to 85 °C (Figure 3d)) after the previous isothermal crystallization at 42 °C.
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PC6 modified isothermal, cooling: 42 to -40 °C PC6 modified isothermal, cooling: 42 to 25 °C
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Figure 3. WAXS patterns, for PC6, taken during cooling: (a) 42 °C to —40 °C; (b) 42 °C to
25 °C; and subsequent heatings: (c) —40 °C to 85 °C; and (d) 25 to 85 °C. The vertical dashed

lines indicate the (110) and (200) planes.
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By comparing Figures 3a and ¢ with Figures 3b and d, it is observed that the larger shifts
in g occur below 25 °C, in line with the transition detected in Figures 2a and b, indicating that a
new crystalline phase is formed below RT. The transition temperature is better observed when

the d110 and daoo are plotted as a function of the temperature in Figure 4.
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Figure 4. d-spacing evolution, for the main planes (PC6) as a function of temperature for (a)
cooling: 42 °C to —40 °C and subsequent heating to 85 °C, and (b) cooling: 42 °C to 25 °C, and
subsequent heating to 85 °C. In Figure a, the transitions are indicated with arrows. The vertical

lines indicated the T; and RT.

Figure 4 clearly illustrates that the found transitions depend on thermal history since there
is a significant difference between cooling to —40 °C (Figure 4a) or cooling to 25 °C (Figure 4b),

and their subsequent heatings, after the sample was isothermally crystallized at 42 °C.

Figure 4a shows that during cooling, the di10 remains unchanged or in an o phase until it
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reaches ~10 °C. At this transition temperature, the d-spacing reaches a maximum and decreases,
indicating the change to an ¢ form. At —40 °C, the d110 is lower compared to the dii at 42 °C
(i.e., selected T¢), evidencing the differences between the o and ¢ forms. When the sample is
heated, it is observed practically the same evolution but with a higher ¢ to o transition
temperature, explained by hysteresis, as expected according to the DSC results. Such changes are
not present (i.e., only the « is present) when the sample is cooled to only 25 °C (see Figure 4b),

indicating that the transition is promoted at T < 25 °C, i.e., it depends on the thermal history.

The evolution of the dxeo as a function of the temperature was also followed; see Figures
4a and b. In Figure 4a, during cooling, the d2oo is continually decreasing, but such a decrease
shows an acceleration at the indicated « to ¢ transition temperature. Then, lower changes of d2oo
as temperature decreases are registered. The heating process is similar, except for a higher
temperature for the 0 to « transition, characterized by a higher increase of the d-spacing, as

expected.

In contrast, Figure 4b shows a slight decrease of d2oo during cooling. Interestingly, in the
subsequent heating, d2o0 remains unchanged from 25 to around 40 °C, and then increases at
higher melting temperatures. Therefore, such an increase is related to the thermal expansion of
the unit cell, instead of a solid-solid transition, as in Figure 4a. It is worth noting that the d-
spacing evolution with temperature, is similar to the one found in dioo and do1o/110 before the Brill
transition in different nylons (e.g., PA26, PA46, and PA66%). Interestingly, the PDC-6 (same
ncrz as the PCG), which has stronger dipolar interactions, presents a Brill transition process,3 %

similar to the nylons.?®

PC8 Analysis
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As we showed in Figures 2c¢ and d, PC8 has a complex behavior compared to PC6, due to
the already known « to S transition (i.e., Brill-like transition'#). Figure 5 shows WAXS patterns
for PC8 taken during the cooling from 44 °C (i.e., selected isothermal temperature) to —40 °C
(Figure 5a) and 44 °C to 10 °C (Figure 5b), and their subsequent heating from —40 to 90 °C

(Figure 5c¢) and 10 to 90 °C (Figure 5d).
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PC8, modified isothermal, heating from -40 °C PC8, modified isothermal, heating from 10 °C
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Figure 5. WAXS patterns, for PC8, taken during cooling: (a) 44 °C to —40 °C; (b) 44 °C to
10 °C; and subsequent heatings: (c) —40 °C to 90 °C; and (d) 10 to 90 °C. The vertical dashed
lines indicate the (110) and (200) main planes, and the main signal of the g-phase (i.e., Brill-like)

indexed as (110)/(200) planes.

Figure 5 shows that the most evident change is the « to g transition, already reported by
Zhao et al.** This transition occurs independently of the applied thermal protocol. As in PC6,
below a certain temperature, in this case, 10 °C, there is a significant shift of the g values,
especially for the (200) plane. Furthermore, at low temperatures, the development of shoulders is
observed in the already broad reflections of the PC8. Although such features might be related to
the o phase, further crystallographic analysis is needed, which is outside the scope of the present

work. Therefore, we will focus on the d-spacing analysis. The di10 and d2o0 have been followed
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as a function of temperature, and plotted in Figure 6.
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Figure 6. d-spacing evolution, for the main planes of PC8, as a function of temperature for (a)
cooling: 44 °C to —40 °C and subsequent heating to 90 °C, and (b) cooling: 44 °C to 10 °C, and
subsequent heating to 90 °C. In Figure a, the transitions are indicated with arrows, and in Figure

b, the shadowed region indicates the S-phase. The vertical lines indicate T. values and RT.

As for PC6, Figure 6 illustrates the thermal history dependance of the named, « to ¢
transition in PC8, which only appears when the sample is cooled up to —40 °C (Figure 6a). Note

that this new transition is not present when the sample is cooled until 10 °C (Figure 6b).

If we follow the d2o0 during the cooling process, in Figure 6a, it is observed that after the
isothermal crystallization at 44 °C, the sample maintain its g phase until ~ 32 °C, the temperature
at which it changes to the a phase (characterized for presenting two diffraction peaks). At ~ 0 °C,
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there is a change on the d2oo slope (i.e., the daxoo starts to change slower), attributed to the « to 0
transition. Then, the daoo reaches a stabilization at ~ —20 °C. The temperatures at which there are
significant changes of the d2oo values are in line with those detected in the DSC. In the case of

the (110) planes, the changes are smaller.

Figure 6a also shows the evolution of the dxoo during the heating process. In this case, the
increase of both d2o0 and di10 is related to the ¢ to « transition at ~20 to 30 °C. In contrast, the o
to S transition is characterized by a decrease of di10 and an increase of dxoo at ~40 °C. The di1o
and dzo0 converge in the f-phase. According to Lotz,? the Brill transition, in nylons, involves
two different transitions: From the a phase to an intermediate pleated/rippled sheet structure, and
from this structure to the Brill structure. Therefore, considering the structural similarities but
different dipolar interactions between PCs and nylons, we can hypothesize that the two

transitions found in this work are similar to the ones postulated by Lotz.%

To sum up, both PC6 and PC8 samples show a newly detected 6 phase characterized by
lower d-spacing (see Figures 4 and 6), evidencing smaller unit cell sizes than the a and £ phases.
This difference is attributed to a more compact structure for the ¢ phase. To understand the origin

of such compactness, we performed in-situ FT-IR experiments.

3.2.2  Simultaneous FT-IR/After Isothermal experiments
The solid-solid transitions are related to crystal packing,® which is influenced by the
conformation of the chains within the crystals. Hence, FT-IR is a suitable technique to
understand the origin of the found transitions. Consequently, the different crystallization

conditions, in this case, isothermal crystallization, were reproduced during FT-IR experiments.

The FT-IR experiments show that both PC6 and PC8 possess strong bands related to
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carbonate and methylene group vibrations (see Figure S3), which were described in detail in our
previous work.™ In this work, for the characterization of the solid-solid transitions, we have
studied the vibrations of methylene groups in trans and gauche conformation and also found
newly bands (related to methylene groups) associated with the 6 phase, The Brill transition

analysis in nylons also focuses on methylene groups, specifically their disorder.
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Figure 7. FT-IR spectra recorded during cooling and heating process after isothermal
crystallization, at 42 °C (PC6) and 44 °C (PC8), for (a) PC6 and (b) PC8 in the CH2-bending

bands.

Figure 7 shows the IR spectra in the range from 1500 to 1300 cm™ of both PC6 and PCS8,
during cooling and heating scans, after the isothermal crystallization. Those absorption bands of
PC6 and PC8 correspond to vibrations of methylene groups in gauche (1460 cm™) and trans

(1482 cm™) conformations, as described in our previous study.'* As shown in Figure 8, the
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relative intensity of these two bands (l14s2/11460) changes with the temperature.
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Figure 8. Variation of (a,b) l1482/11460 for (a) PC6 and (b) PC8 with temperature; and (c) variation

of absorbance of different bands of the PC6, as a function of the temperature.

Figure 8 shows that after the isothermal step, both PC6 (Figure 8a) and PC8 (Figure 8b),
have l14s2/l1460 < 1.0, which indicates coexistence of both trans and gauche conformations. Such
trans/gauche conformation coexistence is characteristic of the g phase of PC8.}* During the
cooling process; the l1482/11460>1.0 indicates a trans-dominated conformation. This change in the
PC8 (see Figure 8b) is related to the j8 to « transition.* Below 25 °C, an increase in the l1asa/l1460
at the transition temperature, might indicate a higher dominance of the trans conformation in the
new o phase (see Figures 8a and b). Upon heating, the reversibility of the solid-solid transition is

observed.

For PCB6, Figure 7a shows that a new absorption band at 1336 cm™ appears in the ¢ phase
(=5 °C). Thus, in Figure 8c, we plot the evolution of the absorbance vs. temperature, for the
bands at 1348, 1336, and 1328 cm™. Figure 8c shows the appearance of the bands at 1336 cm™
(at ~5 °C) during cooling and its disappearance (at ~15 °C) during heating. Thus, such band is

related to the « to J transition (i.e., cooling), and subsequent J to a transition (i.e., heating). The
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above-described variation of the absorption bands is correlated with the conformational change
of methylene groups during the solid-solid transition. Similar changes can be observed for the
PC8 in this region at the transition temperatures. A band at ~1316 cm™ appears (§ phase), and at
the same time, the bands at ~ 1316 cm™ and ~1301 cm™ become intense and sharp. In this case,

these two bands are difficult to analyze because of the saturation of the signal.

As far as the authors are aware, the IR bands mentioned above have never been reported
for PCs. Therefore, further studies beyond the scope of this work are needed to understand the
origin of these new bands. However, we found that the evolution of these bands resembled those
found in nylons by Yoshioka et al.'® A strong band at 937 cm, related to the amide adjacent to
the methylene group, becomes weaker when increasing temperature. Such a decrease in
absorbance is attributed to the weakening of the hydrogen bond strength at the Brill transition.
Additionally, as this band becomes weaker, other new weak bands appear due to the so-called
progression bands of methylene segments.*® In our case, at the § phase, the carbonyl group
interactions are strong, whereas, in the « phase, they start to get weak, as the different methylene

groups become disordered, as evidenced by the broad bands and the appearance of new bands.

We have selected other regions in which strong changes, related to the solid-solid
transitions, were detected. For PC6 (Figure 9a), we analyzed the absorption bands in the range
of 780 to 700 cm™. This region gives an idea of the conformational disordering of the methylene
segments,’® since it is a part of the progression band series (rocking-twisting mode) of n-
paraffins (ncrz2= 6 to 12).38%° For PC8, we selected the region of 980 to 900 cm™ (Figure 9b). In
Figures 9c and d, we plot the absorbance evolution of the main bands vs. temperature, for PC6

and PC8, respectively.

24



respectively.
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Figure 9. FT-IR spectra recorded during cooling and heating after isothermal crystallization at
Tc= 42 °C (PC6) and 44 °C (PC8) for (a) PC6 in the range of 780 to 700 cm™, and (b) PC8 in the
range of 980 to 900 cm™. In (c) (PC8) and (d) (PC6), the absorbance evolution of the found
bands in (a) and (b) are plotted as a function of the temperature for (c) PC8 and (d) PC6. The

vertical dotted lines indicate the o to ¢ and ¢ to a transitions, during cooling and heating,



Figure 9a shows that PC6 displays a single band (~735 cm™) at T > 25 °C (a phase),
characteristic of its crystallization in a monoclinic unit cell. Upon cooling, at ~ 15 °C (¢ phase,
see Figure 7d), an additional band appears at ~750 cm™ (see Figure 9a), and its absorbance
gradually increases with temperature decreasing, while the band at ~ 735 cm™ becomes weaker.
The new band at ~750 cm™ might indicate a different conformational arrangement for the ¢
phase. For nylons, it is reported in the range from 1100 to 800 cm™ that there are two bands in
the a phase, whereas, in the Brill transition, one of the bands disappears, indicating a gauche
conformation dominance. Upon heating, the 750 cm™ band disappearance at ~25 °C,
demonstrated the reversibility (0 to a transition) of the solid-solid transition. It is worth noting

that PC8 does not show such changes in the selected region.

Figures 7b and d show the PC8 related bands. A similar evolution to the one shown for
PC6 was found. A band, at 941 cm™, characterizes the # and a phase, but at ~ —15 °C, an
additional band, at 955 cm™, appears, indicating the transition to the § phase. During the heating,

this band disappears at T > 20 °C, as found by DSC.

Both PC6 and PC8 show that the o to ¢ transition is related to a transition between
disordered methylene groups, in the a phase, to ordered ones. Such order is reflected in the
appearance of new absorption bands. Upon heating, the reverse process occurs (¢ to « transition).
For PC8, an additional o to £ transition (i.e., Brill-like transition) was recorded. In contrast, PC6
does not reach a g phase, probably due to weaker dipole-dipole interactions. Stronger dipole-

dipole interactions derivate in a Brill transition for PDC-6.32 33

The results above reflect that the new solid-solid transition will be observable when the
crystallization conditions involve low temperatures. The o to ¢ transition is characterized by

decreased d-spacing, indicating a shrinkage in the unit cell due to a more efficient packing in the
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o phase. The efficient packing is also reflected in the FT-IR experiments. The appearance of
extra bands indicates a more ordered conformation of the methylene groups in the ¢ phase than

in the a phase.

4. CONCLUSIONS

In this paper we have found that independently of the crystallization conditions, PC6 and
PC8 exhibit solid-solid transitions below room temperature that have never been reported in the
literature. These solid-solid transitions were denoted « to J transition. The transitions were found
to be reversible. In-situ wide-angle X-ray scattering (WAXS) and Fourier-transformed infrared
(FT-IR) experiments were employed to investigate the origin of these transitions. WAXS
experiments revealed that the « to J transition is related to a shift in the d-spacing at the same
temperatures detected on the DSC. Such changes in the d-spacing are associated with the
shrinkage of the unit cell due to different chain package. Thus, there is a more efficient package
of the methylene groups in the ¢ phase (i.e., low d-spacing) than in the a phase (i.e., high d-
spacing). The FT-IR experiments help explained the X-rays findings, since they evidenced that
the transition goes from ordered (¢ phase, characterized by extra absorption bands) to more
disordered (o phase, characterized by the disappearance of the bands related to the ¢ phase)

conformations.
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