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ABSTRACT 

Solid-solid transitions in poly (hexamethylene carbonate) (PC6) and poly (octamethylene 

carbonate) (PC8), denoted δ to α transition, have been investigated, using self-nucleation and 

Successive Self-nucleation and Annealing (SSA) technique. The SSA protocol was performed 

in-situ for thermal (differential scanning calorimetry (DSC)), structural (Wide-angle X-ray 

Scattering (WAXS)), and conformational (Fourier-transformed Infrared Spectroscopy (FT-IR)) 

characterization. The final heating after SSA fractionation displayed an enhanced (compared to a 

standard second DSC heating scan) endothermic and unfractionated peak signal at low 

temperatures corresponding to the δ to α transition. The improved (i.e., higher enthalpy and 

temperature than in other crystallization conditions) δ to α transition signal is produced by 

annealing the thickest lamellae made up by α and β phase crystals after SSA treatment. As 

thicker lamellae are annealed, more significant changes are produced in the δ to α transition, 

demonstrating the transition dependence on crystal stability, thus, on the crystallization 

conditions. The ability of SSA to significantly enhance the observed solid-solid transitions 

makes it an ideal tool to detect and study this type of transitions. In-situ WAXS reveals that the δ 

to α transition corresponds to a change in the unit cell dimensions, evidenced by an increase in 

the d-spacing. This implies a more efficient chain packing in the crystal, for both samples, in the 

δ phase (lower d-spacing at low temperatures) than in the α phase (higher d-spacing at high 

temperatures). The chain packing differences are explained through in-situ FT-IR measurements 

that show the transition from ordered (δ phase) to disordered (α phase) methylene chain 

conformations.  

Keywords: Self-Nucleation, Successive Self-nucleation and Annealing, Solid-solid transitions, 

crystal thickening-dependent behavior. 
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1. INTRODUCTION 

Successive Self-nucleation and Annealing (SSA) is a well-established thermal fractionation 

technique that sequentially applies self-nucleation and annealing steps to a semicrystalline 

polymer. These sequential steps exploit the molecular segregation capacity exhibited by 

semicrystalline polymers.1-3 Originally, the SSA technique was created as an alternative to other 

fractionation techniques, such as Temperature Rising Elution Fractionation (TREF), 

Crystallization Analysis Fractionation (CRYSTAF), and Step-Crystallization (SC).1 Remarkably, 

SSA can fractionate a polymer in around 1 hour (in a conventional differential scanning 

calorimetry (DSC)1-3) or less (in a flash DSC4,5), without physical separation of the fractions, 

allowing the detection of intra and intermolecular defects.1  

The SSA technique has been widely employed in polyolefins, in which quantitative analysis 

has been performed to determine: the ethylene sequence length distribution, the distributions of 

short-chain branching, stereo-defects, and lamellar thickness,4,6 among others, as has been 

reviewed.1-3 The SSA technique also brings important information, both qualitative and 

quantitative, in a wide range of homopolymers, and more complex systems, such as blends,7 

block copolymers,8,9 and nanocomposites.10  Recently, the SSA technique has been used in 

random copolymers,11, 12 copolymers with different architectures,13 and homopolymers with 

different chain topology (e.g., linear vs. cyclic).14 These cases have revealed information related 

to the differences in chain topology and molecular architecture,13,14 comonomer 

exclusion/inclusion balance,11 the influence of nucleating agents,10 and comonomer distribution 

caused by different comonomer addition protocols.13 Recently, SSA has been employed to study 

the competition between crosslinking and chain extension in the postpolymerization of 
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polyamide 1012 (PA1012).15 In view of all the wide range of applications of SSA, we decided to 

explore if it could be useful to study solid-solid transitions. 

One of the most studied solid-solid transitions is the Brill transition in polyamides (PA). 

Structurally, the Brill transition is sharp since upon heating, the two main X-ray reflections 

merged into a single one with a d-spacing of 0.42 nm, at the Brill transition temperature, TB.  The 

transition is reversible, exhibiting hysteresis16 since the TB on heating is higher than on cooling. 

The Brill transition is considered a first-order transition that comprises a second-order element17 

since it is preceded by gradual crystallographic changes occurring over a relatively wide 

temperature range.18 However, in the differential scanning calorimetry (DSC) traces, an 

endothermic peak for TB is not usual for bulk crystallized samples, whereas a broad peak appears 

for crystallization from solution.18 The Brill transition is highly dependent on the thermal history. 

It has been demonstrated that for isothermal crystallization from the melt, the higher the 

crystallization temperature, Tc, the higher the TB.18, 19 Similar changes in TB are reported when 

solvents are employed.20, 21 For PA1010 and PA1012, the TB from single crystals22 is higher 

when compared to that reported for bulk-crystallization.23, 24 Yang et al.25 determined that the TB 

for PA1010 is a function of Tc and crystal size. They quenched and subsequently cold-

crystallized the samples at different Tc, obtaining that as Tc increases, the TB increases.25 

Recently, Wang et al.26 study the effect of hydrogen bond organization by measuring the crystal 

perfection index (CPI) in PA1012. They found that the TB values, after cooling at different rates 

(i.e., ranging from 5 to 100 °C/min) from the melt (i.e., 270 °C), decrease as CPI decreases (i.e., 

the low CPI are obtained at the highest cooling rates). But, if the PA1012 is molten at 210 °C, 

the distribution of hydrogen bonds is different, resulting in an independent CPI on the cooling 

conditions, revealing the importance of the hydrogen bond organization. In general, the position 
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of TB is related to crystal perfection and crystal size. As the more perfect and bigger the crystals 

are, the TB will be found in a higher position. However, recently, it has been pointed out that the 

amorphous phase may also play a key role,17 as well as the hydrogen bond organization.26 

The Brill transition has been widely studied in the polyamide family,16,17, 26-28 and recently, a 

Brill-like transition has been reported for poly (octamethylene carbonate) (PC8)29 and poly 

(hexamethylene dithiocarbonate) (PC6-D).30 In PC8, Zhao et al.29 reported the convergence, 

upon heating, of the d110 = 0.43 nm and d200 = 0.38 nm, observed at low temperatures (in the 

denoted α phase), into a single d-spacing at 0.41 nm at ~ 42 °C (in the denoted β phase). The β to 

α transition also occurs during cooling (reversible character), displaying a hysteresis effect. The 

α to β, and β to α transitions, were reflected on exothermic (β to α) and endothermic (α to β) 

peaks in the DSC traces after isothermally crystallizing the samples at 50 °C. The Brill-like 

transition was attributed to the reversible transition from trans-dominated conformations (in the 

α-phase (at low temperatures)) to the coexistence of trans/gauche conformations (in the β-phase 

(at high temperature)) of methylene sequences. Additionally, a weakening of the dipole-dipole 

interaction of the carbonyl groups was also observed.29 These results were recently corroborated 

in PC8 by Pérez-Camargo et al.31 Similar, but even clearer changes were found in PC6-D at 

higher temperatures due to the dithiocarbonate groups.30 In both PC8 and PC6-D, an 

endothermic signal was clearly detected by using designed thermal protocols for amplification of 

the signals.29,30 This demonstrated that solid-solid transitions signals could be enhanced with 

well-designed thermal protocols.  

In a preceding work, it was shown that poly (hexamethylene carbonate) (PC6) and PC8 

exhibited, during a non-isothermal test, solid-solid transitions at low temperatures32 (resembling 

the above-described Brill-transitions16,17,27). Afterward, we demonstrated through isothermal 
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tests followed by non-isothermal scans, the presence of the denoted α to δ (during cooling) and δ 

to α (during heating) transitions, at low temperatures, in both PC6 and PC8, besides the Brill-like 

transition in the PC8.31 The polymorphism on the PC8 includes the reversible δ to α and α to β 

transitions. The δ to α transition was attributed to the reversible change (at low temperature, e.g., 

below RT) between ordered to disordered conformations. Structurally the δ phase exhibited a 

more efficient package than the α phase.31  

In this work, we investigate the use of the self-nucleation and the SSA technique to study the 

solid-solid transition in aliphatic polycarbonates, and how the thermal history affects the position 

of the δ to α, and α to β transitions. Considering the magnification of the changes generated 

under the SSA protocol, we have used it in-situ and simultaneously conducted a structural and 

conformational analysis with Wide-angle X-ray Scattering (WAXS) and Fourier-Transformed 

Infrared (FT-IR) spectroscopy, respectively. The SSA protocol demonstrated to be a useful 

technique in the study of the solid-solid transitions. 

2. EXPERIMENTAL PART 

2.1. Materials 

Conventional polycondensation of aliphatic diols and dimethyl carbonate were used to 

prepare poly (hexamethylene carbonate) (PC6) and poly (octamethylene carbonate) (PC8) with 

number average molecular weight, Mn = 25100 and 15300 g/mol, respectively.33 The previously 

established protocol in references 33,34 was followed. It consisted of a melt-polycondensation 

using 4-dimethylaminopyridine (DMAP) organocatalyst in two steps at 130 and 180 °C under 

vacuum. More details can be found in references 33 and 34.  
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2.2. Differential Scanning Calorimetry (DSC): Non-isothermal tests 

The DSC experiments were conducted in a DSC model 8500 of Perkin Elmer. It was 

connected to controlled liquid nitrogen (N2) cooling device, model CLN2, and operated with a 

constant flow of ultrapure N2. The equipment was calibrated with indium and zinc standards at a 

rate of 20 °C/min. The samples as received, of circa 5 mg were encapsulated into aluminum 

DSC pans, and they were heated from room temperature (RT) to T (i.e., temperature to erase the 

thermal history: 85 °C (PC6) and 90 °C (PC8)), registering the first heating scan. They were held 

at T for 3 minutes to erase the thermal history. Afterward, a cooling scan from T to ‒ 40 °C was 

performed, and a holding step at ‒ 40 °C for 1 minute was used, stabilizing the sample.  

Subsequently, heating to T was performed, registering the second heating scan. More advanced 

protocols were employed, and the details are shown below.  

2.3. DSC: Self-Nucleation (SN) 

The SN experiments were performed according to the protocol established by Fillon et al.35 

The steps involved are represented schematically in Scheme 1. 
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Scheme 1. Illustration of the SN steps, taking as an example the PC8. The shadowed region 
represents the melting range (Tm, onset to Tm, end) of the PC8. 

 

 The first step of the SN protocol applied is (a) the conditioning step, in which a standard 

thermal history is created. In this case, the standard thermal history was created by cooling from 

the melt (temperature T, in Scheme 1, at which the thermal history is erased) to ‒ 40 °C at 

20 °C/min. Then, the sample is (b) heated to a selected SN temperature, Ts. The range of selected 

Ts values will cover the melting endotherm of the material, e.g., Tm, onset to Tm, end, or higher 

(Ts >Tm, end) depending on the width of the SN domains. The definitions of the SN domains can 

be reviewed in references 1, 35-39. A brief explanation is presented below. After selecting a Ts, 

(c) the sample will be held at that temperature for 5 minutes. Then, the sample will be (d) cooled 

to ‒ 40 °C at 20 °C/min and (e) subsequently heated to T at the same rate. By comparing the 

cooling (step d) and heating (step e) curves after step (c), the SN domains can be defined. Briefly, 

in Domain I or the melting domain, the cooling and heating curves resemble the standard curve, 

since the Ts cannot self-nucleate the sample. In Domain II or SN Domain, in (c), self-nuclei are 

created, and hence, in the subsequent cooling, the crystallization is enhanced, and the Tc is 

shifted to higher values due to a self-nucleation effect. This SN Domain does not generate 

changes in the melting behavior; therefore, the heating curves obtained in (e) resemble the 

standard heating. Domain II can be divided into sub-Domains: Domain IIa and Domain IIb based 

on the self-nuclei origin.36-38 In Domain IIa (melt memory region), the Ts (in the higher 

temperature range of Domain II, i.e., Ts > Tm, end) is high enough to melt all the polymer crystals 

completely but without erasing its melt memory. Thus, non-crystalline structures (such as 

regions with residual local orientation) act as self-nuclei.40 In Domain IIb (self-seeding region), 
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the Ts (in the lower temperature range of Domain II, i.e., Ts < Tm, end) melts the polymer crystals, 

but some crystal fragments survive and act as self-seeds.38,39 

Finally, in Domain III, or self-nucleation and annealing domain, the material is partially 

melted. Hence, in (c), the unmolten crystals are thickened or annealed during the 5 minutes at Ts. 

Thus, a shift in the Tc is produced. In (e) the subsequent heating, there is an extra melting peak 

corresponding to the melting of the annealed crystals. From the described Domains in this work, 

we are interested in Domain II since the maximum shift in Tc without annealing, corresponds to 

the Ts, ideal. This temperature is used as a starting point for the Successive Self-nucleation and 

Annealing (SSA) experiments.1 In this work we found Ts, idealPC6  = 56 °C and Ts, idealPC8  = 58 °C. 

2.4. DSC: Successive Self-Nucleation and Annealing (SSA) 

The SSA experiments were performed according to the protocol created and recently 

reviewed by Müller et al.1-3,5 The different steps are represented schematically in Scheme 2. 

0 10 20 30 40 50 140 150
-60

-40

-20

0

20

40

60

80

100

5 min
(e)(d)

(c)

(b)

Melting region

T

Ts,10=

13 °C

Ts,2=

48 °C

Te
m

pe
ra

tu
re

 (°
C

)

Time (min)

Ts, ideal=

58 °C
Ts,1=

53 °C

T
Final Heating

Transition region

(a)

20 °C
/m

in 20
 °C

/m
in

20
 °C

/m
in

 

Scheme 2. Illustration of the SSA steps, taking as an example the PC8. The shadowed region 
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 For the SSA test, we repeated the steps (a) to (d) of the SN, but in (c), the first Ts will be 

the Ts, ideal of the selected material, e.g., 58 °C. Then, instead of heating until melting the material, 

as in (e) of the SN protocol, we heated the material until a Ts1=Ts, ideal ‒ 5 °C (e.g., 53 °C), since 

we use a fractionation window (FW) of 5 °C. The steps (a) to (d) were repeated at different Ts 

values (i.e., Ts < Ts, ideal) in (c), e.g., Ts,2=Ts,1 ‒ 5 °C (e.g., 48 °C) in Scheme 2, generally to cover 

all the melting range of the material. After covering all the melting ranges of the material, we 

continued decreasing the Ts to cover the transition region (see shadowed region on Scheme 2), as 

well, reaching Ts values as low as 13 °C (see Ts,10 in Scheme 2). Once the fractionation of the 

material was achieved, the final SSA heating scan (see step (e) in Scheme 2) is performed, 

evidencing the different fractions resulting from the different steps at Ts.  In this work, the Ts, ideal 

of each material was used as starting point.  

The selected parameters to perform the SSA experiments, were: scanning rate of 20 °C/min, 

FW of 5 °C, and holding times (i.e., fractionation time at each step) at Ts of 5 minutes. The SSA 

was performed in the range 56 to 1 °C and 58 to 13 °C for PC6 and PC8 respectively. To further 

understand the solid-solid transition, we also change the SSA parameters using different starting 

Ts, different ranges of temperatures, and FW of 5 and 10 °C. More details can be found in 

Section S1 of the SI. 

2.5. In-situ SSA/WAXS experiments 

The structural characterization was carried out in the Beijing Synchrotron Radiation 

Facilities (BSRF) at the beamline 1W2A. The SSA protocol was performed in-situ, placing the 

sample in a Linkam TST350 hot stage and taking WAXS simultaneously. For the WAXS 

experiments, we used a Pilatus 1M detector (resolution 981 x 1043 pixels), pixel size 172x172 
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μm2, a wavelength of 1.54 Å, and a sample-to-detector distance of 140.9 mm. An exposure time 

of 10 seconds were employed.  

2.6. In-situ SSA/FT-IR experiments 

In-situ SSA experiments were conducted in the PC6 and PC8 samples, and simultaneously 

Fourier transform infrared (FT-IR) spectra were taken. Both PC6 and PC8 samples were 

previously film-cast in chloroform (5 mg of sample dissolved in 1 mL of chloroform) onto 

potassium bromide plates. Afterward, the samples were placed in a Linkam FTIR 600 hot stage 

coupled to a liquid nitrogen supply. A FT-IR spectrometer of Thermo Fisher model Nicolet 6700 

was employed, recording FT-IR spectrum with a resolution of 4.0 cm-1 and coaddition of 32 

scans per spectrum. The spectrum was recorded during the holding times of 1 minute at each 

selected temperature (i.e., holding steps at ‒ 40 °C and Ts, and selected temperatures during the 

SSA final heating). 

3. RESULTS AND DISCUSSIONS 

3.1. Self-nucleation (SN) 

SN experiments were conducted in the PC6 and PC8 samples in a preceding work,32 

determining that the carbonate groups influence the memory effect of the samples. The memory 

effect is caused by the self-nuclei, which remains when the SN at Ts produces a nonisotropic melt 

(i.e., Domain IIa).38, 41 This effect is reflected in an increase of the crystallization temperature, Tc, 

and an unchanged melting temperature, Tm, during the DSC cooling and heating traces.38, 41 In 

the specific case of aliphatic polycarbonates, in our previous work, it was found that the memory 

effect is present in the even-odd region (chain length, nCH2 = 6 to 9), and decreases as the nCH2 

increases (due to the decreasing influence of the carbonate groups), until reaching its dilution in 

the saturation region (nCH2 = 10 to 12),32 in line with the findings of Sangroniz et al.41  
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In this work, the SN experiments are focus on the evolution of solid-solid transition at low 

temperatures (below RT), denoted as δ to α, with Ts, and in the Ts, ideal determination. Figure 1 

shows the cooling and heating scans after the holding steps at the indicated Ts. 
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Figure 1. DSC (a) and (c) cooling scans after 5 minutes at the indicated Ts, and (b) and (d) 
subsequent heating scans after the cooling in (a) and (c) for PC6 (a and b), and PC8 (c and d). In 
all cases the scanning rate was 20 °C/min. Note that a color code was used for the different SN 
domains. Red color for Domain I, blue color for Domain II, and green color for Domain III. The 
solid-solid transition positions are indicated in the plot. Amplification of some signals is use for 
clarity. 

  

 In Figure 1, the resulting curves in Domain I are used to illustrate the ‘standard’ non-

isothermal behavior since they are equivalent to the cooling and second heating scans of non-

isothermal experiments (see Figure S1). These curves show the solid-solid transitions. During 

cooling, the denoted α to δ transitions are observed as a small exothermic peak at ~ 3 °C (PC6) 

and ~ ‒ 20 °C (PC8) respectively. The large exothermic peaks in the cooling curves correspond 

to the crystallization process of the α (PC6) or β phase (PC8) at ~ 28 °C (PC6) and ~ 34 °C (PC8) 

respectively. In the subsequent heating, the reversibility of these transitions is observed at higher 

temperatures due to the hysteresis effect.16 The δ to α transition, upon heating, occurs at ~ 6 °C 
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(PC6) and ~ 22 °C (PC8) respectively. In the case of PC6, the α crystals melt at ~ 53 °C, 

exhibiting a double melting peak, attributed to a complex reorganization process,42 which was 

corroborated, in a preceding work,32 by cooling at different rates. This reorganization process is 

also reflected in Figure 1b in the evolution from two (Domains I and II) to one (Domain III) 

endothermic peaks as Ts decreases. For PC8, there is an α to β (Brill-like transition as reported in 

the literature29) transition at ~ 33 °C, followed by the melting of the β crystals at ~ 58 °C. These 

transitions are in line with those reported by Zhao et al.29 in PC8 and by us in a preceding 

work.31  

Figure 1 shows the three SN domains for both PC6 and PC8. Additionally, we have found 

that PC6 exhibited Domain IIa, whereas PC8 only Domain IIb (see Figure S2). This behavior is 

explained by the weakening of the carbonyl groups influence as nCH2 increases.32, 41 The SN 

limits are plotted in Figure S2 on the SI. From the Domain II to III transition, we determined the 

Ts, ideal = 56 °C and 58 °C for PC6 and PC8, respectively.  

In addition to the SN domains, Figure 1 also shows the different solid-solid transitions, at 

low temperatures, under the different SN domains. Domain I was discussed above. For PC6, in 

Domain II, due to the self-nucleation, the Tc is shifted to higher temperatures, from a value of 

27.9 ºC up to 32.7 °C (Figure 1a at Ts = 56 °C), whereas the α to δ transition remains unchanged. 

Only in Domain III a shift to higher temperatures, from 3 to 16 °C at Ts = 51 °C, of the α to δ 

transition is observable.  

Figure 1b exhibits the subsequent heating scans; as expected, both endothermic peaks (i.e., δ 

to α transition and melting of α crystals, Tm) remain at the same position in Domain I and II. In 

Domain III an extra high-temperature peak is observed due to the annealing of the α crystals at Ts 

= 55 °C. As in the cooling curves, the δ to α transition is shifted to higher temperatures, from 6  
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ºC to ~ 21 °C at Ts = 51 °C. Interestingly, such a shift to higher temperatures in the δ to α 

transition is produced by a Ts ~ 45 °C higher than the original temperature of the transition 

(during the second heating scan). 

A similar behavior is observed for PC8 in Figures 1c and d. As in PC6, the solid-solid 

transitions remain unchanged in Domain I and II, and they are shifted to higher temperatures in 

Domain III. Interestingly, in Domain III, for Ts = 56 °C to 53 °C (see Figure 1d and S3) as the β 

crystals are annealed, increasing their melting signal, the endothermic signal of δ to α transition 

(~ 36 °C (PC8) lower than the selected Ts = 56 °C) became larger. Thus, the δ to α transition 

signal enhancement seems proportional to the crystal stability (i.e., lamellar thickness) at the 

annealing steps. The α to β transition is also shifted to higher temperatures and maintains a 

similar area. This might be related to its nature (i.e., an intermediate transition between the δ and 

β phases), and the narrow range of Ts that influence it. The evolution of the different peak 

positions as a function of selected Ts values can be clearly observed in Figure S4 on the SI. The 

SSA test reveals further information on the solid-solid transitions, as we show below.  

In summary, the solid-solid transitions are not affected by self-nucleation in Domains I and II. 

These results could be expected because there is no crystal stability change (i.e., no annealing or 

lamellar thickening) in these two Domains. However, as annealing processes are present in 

Domain III, as the unmolten lamellar crystals at Ts tend to thicken during the 5 min holding time, 

the solid-solid transitions are also affected, as these transitions are related to different degrees of 

crystal stability (i.e., lamellar thickness). 

3.2. Successive Self-nucleation and annealing (SSA) 

The SSA experiments combine non-isothermal and isothermal steps, representing different 

crystallization conditions than those generally used in standard non-isothermal or isothermal 
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DSC experiments. This work investigates how such a combination of steps enhances the solid-

solid transition signal, representing a helpful tool for their detection. As a starting point, we have 

used the Ts, ideal for each sample: Ts, ideal  = 56 °C (PC6), and Ts, ideal  = 58 °C (PC8). Figure 2 

shows the SSA final heating for PC6 (Figure 2a) and PC8 (Figure 2b) and their comparison with 

the second heating curve obtained through standard non-isothermal experiments.  
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Figure 2. Final SSA heating DSC scans for (a) PC6 and (b) PC8. The asterisk (*) indicates the 
solid-solid transitions. The thinner lines represent the standard DSC second heating scans for 
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each sample. The vertical lines indicate the Ts used, and the numbers at the top represent the 
number of applied Ts values. 

 

Figure 2 shows that both PC6 and PC8 can be thermally fractionated by SSA. Such 

fractionation in linear polymers is attributed to molecular weight distribution differences.1 

Interesting, the two prominent peaks and mostly unfractionated, indicated with an asterisk, at ~ 

20 °C (PC6) and ~ 35 °C (PC8), are related to solid-solid transitions, denoted as δ to α transition. 

These peaks are shifted to higher temperatures (~ 14 °C for both PC6 and PC8) and exhibit more 

significant enthalpies (~ two (PC6) and three (PC8) times larger than in the standard second 

heating scan) than in the second heating scans, see Figure 2. It is worth noting that compared to 

our preceding work,31 in which isothermal conditions were used, the δ to α transition is ~ 4 °C 

higher (for both PC6 and PC8), evidencing the influence of the crystallization conditions. Thus, 

the SSA technique improves the signal strength of the δ to α transition, helping its detection. As 

far as the authors are aware, this is the first time that SSA experiments are used to detect a solid-

solid transition, achieving significant increases of the related signals. 

Unfractionated peaks 

The SSA protocol generates fractions of different lamellar thicknesses. Hence, after the SSA 

protocol, the final heating produces a distribution of melting points that reflects the distribution 

of lamellar thickness present in the sample after thermal fractionation.  

Considering PC6 in Figure 2a, the Ts, ideal = 56 °C does not generates any fraction, whereas 

Ts1 = 51 °C produces fraction 1, Ts2 = 46 °C produces fraction 2, and so on. For PC6, six 

fractions are generated by the SSA protocol, in which fraction number 6 is produced by Ts6 = 

26 °C.  These fractions correspond to the α phase fractionation. At low temperatures (e.g., 5 to 
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25 °C), an unfractionated or poorly fractionated (by Ts < 26 °C) peak with a significant area 

(more extensive than the exhibited during non-isothermal DSC experiments) is observed. If a 

family of thin crystals generates this peak at low temperatures, it must be fractionated. However, 

the fraction’s poor definition and the extensive area of the peak ~ 20 °C, evidence that it 

corresponds to the δ to α transition instead of a melting process. An analysis of the partial area of 

each fraction versus Ts also reflects two prominent peaks, corresponding to the δ to α transition 

and the melting process of the α or β phase (see Figures S5b and d). We also plotted the melting 

temperature of each fraction, in Figure 2, versus Ts, obtaining a linear relationship (see Figures 

S5a and c), which corroborated the correct application of the SSA fractionation protocol. It is 

worth noting that the large area of the signal and its position (i.e., higher temperatures than the 

second heating scan) indicates that increased crystal stability of the α (PC6) or β phase (PC8) 

also enhances the δ to α transition. 

The above analysis can be extrapolated to PC8, see Figure 2b. In this case, two solid-solid 

transitions (i.e., δ to α and α to β) are present. The fractionation is only possible for a narrow 

range of high temperatures. Only three fractions are generated by Ts = 53 to 43 °C, 

corresponding to the β phase. In contrast, at lower temperatures, neither the α (i.e., below 55 °C), 

nor the δ (i.e., ~ 35 °C) phases, can be fractionated by Ts = 38 to 13 °C, as expected for solid-

solid transitions.  

Influence of the SSA conditions on the solid-solid transition 

We have demonstrated that the δ to α transition signal after SSA shows a higher area and 

remains unfractionated. Such behavior is attributed to the annealing process, which 

simultaneously affects the most stable crystals and the solid-solid transition. This is observable 

for the δ to α transition in PC6 and PC8. To further understand how crystal stability affects the δ 
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to α transition, we have performed an SSA test with fractionation windows (FW) of 10 °C; hence, 

the Ts,1 = Ts, ideal ‒ 10 °C will anneal on average thinner crystals than using a FW of 5 °C. Figure 

3 shows a comparison between the SSA final heating with FW of 5 and 10 °C, starting on the Ts, 

ideal of each material. 
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Figure 3. Comparison of the SSA final heating scans, using fractionation windows (FW) of 5 
and 10 °C for (a) PC6, and (b) PC8. The colored numbers (at the top of the Figures) and vertical 

lines indicate the Ts used for the FW of 10 °C, while the rest of the numbers and vertical lines 
indicate the Ts for the FW of 5 °C.  
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Figure 3 show that the δ to α transition for FW of 10 °C is shifted to lower temperatures and 

possesses a lower area compared to that observed when a FW of 5 °C is used. The highest 

melting peaks (i.e., fraction 1, generated by Ts,1) are also at lower temperatures (for FW of 

10 °C), as expected, indicating the higher crystal stability (i.e., thicker average lamellar crystals) 

reached when a FW of 5 °C is employed. The different position on the fractions and transition 

peaks is related to the crystal stability. The FW of 5 °C can anneal more crystals with a larger 

lamellar thickness (i.e., those annealed at the highest Ts), causing more significant changes in the 

position and area of the δ to α transition. In contrast, the FW of 10 °C, involves lower Ts (e.g., Ts1 

(FW of 10) will equal to Ts2 (FW of 5)) which produces lower changes, as we prove by using 

different parameters in the SSA protocol (see Figures S6 to S7), and as we show below in Figure 

4. Therefore, the improvement of the δ to α transition signal is proportional to the annealing of 

thicker crystals.  

Besides the FW, we have evaluated the effect of the starting Ts (Figure S6) and the number of 

fractionation steps (Figure S7) on the δ to α transition.  It has been found that the changes in the 

δ to α transition are mainly enhanced by the variation of FW while the starting Ts (see Figure S6) 

has a minor effect. Such behavior proves that the annealing of the thicker crystals generates most 

of the changes in the δ to α transition. Interestingly, the α to β transition (in PC8) does not show 

such an improvement, since the α phase is only affected (without influence the δ phase) in a 

narrow range of Ts values.    

To illustrate that the annealing of larger crystals is the most important factor in affecting the 

δ to α phase, we have performed single SN experiments at different Ts values, including those 

used in the SSA experiments. Figure 4 shows the evolution of the endothermic peak of the δ to α 
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transition, Tδ-α, and the highest melting temperature value, Tm1, as a function of Ts for PC6 

(Figure 4a) and PC8 (Figure 4b). 
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Figure 4. Variation of the endothermic δ to α transition, Tδ-α, and the highest melting point, Tm1, 
as a function of Ts, for (a) PC6, and (b) PC8. The Tδ-α and Tm1 values were obtained from SN 
experiments at selected Ts, including those used in SSA experiments. The vertical dashed line 
separates Domains I, II, and III. For clarity, the plotted Tm1 data corresponds to selected Ts values.  

 

 Figure 4 shows that higher Ts values (where annealing of thicker crystals occurs) produce 

the more significant changes in the δ to α transition. For both PC6 and PC8, the endothermic 

peak of the δ to α transition, Tδ-α starts to experience a significant shift at Ts = 53.5 °C (PC6) and 

56.5 °C (PC8), the temperatures at which the annealing peak becomes more important. 

Afterward, the Tδ-α reaches a maximum and progressively decreases, as thinner lamellae are 

annealed, until reaching a minimum point, at Ts ~ 31 °C (PC6), and Ts ~ 23 °C (PC8), which is 

similar to the Tδ-α recorded in Domain I. Thus, the annealing of the thinnest lamellae at low Ts 
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values does not influence the Tδ-α. Figure 4 also includes the evolution of the highest annealing 

peak, Tm1, as a function of Ts. When Domain III starts, Tm1 increases, reaching a maximum. In 

this region, it can be noticed that the annealing on the thicker crystals produces the most 

significant changes in the Tδ-α, corroborating that this transition depends on the stability of the 

crystals. After the maximum in Tm1, there is a progressive decrease as Ts decreases, similar to the 

one exhibited in the Tm1 vs. Ts plot from SSA experiments (see Figure S5). At the lowest Ts 

values, the changes in Tm1 are smaller or inexistent; hence the solid-solid transition is not 

significantly affected. To understand the structural and conformational changes involve in the 

solid-solid transitions, WAXS and FT-IR analyses were performed and the results are shown 

below.  

3.3. In-situ WAXS/SSA experiments 

For the structural characterization, we have selected the SSA protocol conditions. The SSA 

protocol was carried out in-situ, and simultaneously WAXS patterns were taken. We focused on 

the WAXS analysis during the final heating after the SSA protocol was applied to the samples. 

Figures 5 and 6 show WAXS patterns taken during the final heating performed to SSA-

fractionated PC6 and PC8, respectively, and the evolution of the main planes d-spacing as a 

function of the temperature.    

Both PC6 and PC8 crystallize in a monoclinic unit cell. The crystalline structure of PC6 has 

not been solved on basis of X-ray fiber patterns. The low molecular weight poly (hexamethylene 

carbonate)-glycols have been studied by a combination of 1D WAXS and conformation 

simulation.43 It shows the following dimensions: a = 0.746 nm, b = 0.631 nm, c = 2.25 nm and α 

= 60° (considering the a-axis as the unique axis), and its WAXS pattern exhibited two main 
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reflections at q=14.3 nm-1 (2θ = 20.1°) and 16.8 nm-1 (2θ = 23.8°) (i.e., d-spacing of 0.441 and 

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

 As we already mentioned, PC8 possesses an α or β phase depending on the temperature. 

Both monoclinic structures were characterized by Zhao et al.29 For the α phase, the unit cell 

parameters are a = 0.77 nm, b = 1.01 nm, c (fiber axis) = 2.52 nm, and α = 31.5°, and their main 

peaks at q = 14.5 nm-1 (2θ = 20.45°) and 16.4 nm-1 (2θ = 23.14°) (i.e., d-spacing of 0.430 and 

0.380 nm, respectively) indexed to the (110) and (200) planes. For the β phase or Brill-like phase, 

the main reflections merged to a single one, at q = 15.5 nm-1 (2θ = 21.91°) with the characteristic 

d-spacing = 0.41 nm, which can be indexed to the (110)/(200) planes. In this case, the unit cell 

dimensions are a = 0.81 nm, b = 0.89 nm, c (chain axis) = 2.42 nm, and α = 31.9°.29 In both 

cases, the unit cell parameters have been estimated by taking the a-axis as a unique axis and 

selecting monoclinic angles lower than 90°. 
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Figure 5. (a) WAXS patterns of PC6 taken during the final heating after SSA, and (b) d-spacing 
for the indicated (with vertical dashed lines) (110) and (200) planes (see Figure 5a), as a function 
of the temperature. The arrows in Figure 5b indicate the δ to α transition.  The vertical dashed 
line indicated the detected (by DSC) δ to α transition. 

 

As we show in the final SSA heating scan by DSC, the phase at low temperatures 

corresponds to the δ phase and the one at high temperatures to the α phase. Figure 5a shows the 

WAXS patterns taken during the SSA final heating. It is observed that the main reflections are 

shifted to higher q values (hence higher d-spacing) as the temperature increases, especially at ~ 

20 °C, corroborating the SSA results (see Figure 2). The evolution of the d-spacing for the main 

planes, d110 and d200, as a function of the temperature (see Figure 5b), clarifies the temperature 

position of the δ to α transition. The δ phase is characterized by lower d-spacing and lower unit 

cell dimensions than the α phase.   

Figure 5b shows that the d-spacing remains almost constant at low temperatures (< 

20 °C), indicating the presence of the δ phase. As the temperature increases, the d-spacing 

increases, especially the d200, starting at ~ 7 °C, which is the onset of the δ to α transition 

temperature detected by SSA (Figure 2). At ~ 20 °C, which corresponds to the δ to α transition 

peak, detected also by SSA (see the vertical dashed line in Figure 5b), there is a higher increase 

of the d200 and d110. The d110 exhibits a maximum. As the temperature increases, the α phase 

melts at ~ 60 °C, as in the SSA results. The melt of the α phase is reflected in a rise in the d-

spacing resulting from the thermal expansion.  

During the final heating after applying the SSA protocol to PC8, two solid-solid 

transitions are observed. The WAXS patterns and d-spacing as a function of the temperature are 

shown in Figures 6a and b.  
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Figure 6.  (a) WAXS patterns of PC8 taken during the final heating after SSA, and (b) d-spacing 
for the indicated (with vertical dashed lines) (110) and (200) planes (see Figure 6a), as a function 
of the temperature. The arrows in Figure 6b indicate the δ to α and α to β transitions. The vertical 
dashed line indicated the detected (by DSC) δ to α transition. 

 

 

Figures 6a and b show that at low temperatures (− 40 to 0 °C), the position of the peaks 

remains practically unchanged, and it is only at T > 0 °C that a slight increase of the d200 is 

recorded. Thus, at low temperatures, the δ phase is present, and it is characterized by low d-

spacing, exhibiting the lowest unit cell dimensions. At ~ 40 °C, the increase of the d110 and d200 

is more pronounced due to the δ to α transition. Such change is reflected in a significant 

endothermic peak in the final SSA DSC heating scan (see Figure 2). At T  > 40 °C, PC8 is 

already in the α phase. This phase is quickly transformed to the β phase at ~ 60 °C. The 

transformation towards the β phase is reflected in the combined d200 increase and d110 decrease 
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(see 50 to 60 °C range), merging in a single d110/200, corresponding to the β phase, which melts at 

T > 60 °C. 

Both PC6 and PC8 exhibit the lowest dimensions (i.e., lowest d-spacing) in the δ phase, 

compared to the α (PC6) or α and β ones (PC8), in line with our preceding work.31 Such reduced 

dimensions suggest a more efficient chain packing in the δ phase crystals. Thus, upon heating, 

after the SSA treatment, the material experiences a transition from a tight package, in the δ phase, 

to an enlarged one in the α phase. Interestingly, the d100 and d010/110 evolution with temperature 

shown in different polyamides (e.g., PA26, PA46, and PA6617) before the Brill transition 

resembles the d-spacing evolution found in this work. In fact, the PDC-6 (same nCH2 as the PC6), 

which has stronger dipolar interactions, presents a Brill transition process,30,42 similar to the 

polyamides.17  

3.4. Simultaneous FT-IR/SSA experiments 

We studied FT-IR spectra during in-situ SSA experiments, following the final heating 

after SSA fractionating. Different spectral regions have been studied, detecting the strong bands 

related to carbonyl and methylene vibrations described in our previous work,32 and recently 

reported bands associated with the δ to α transition (e.g., ordered and disordered methylene 

conformations).31  

The solid-solid transition-related bands shown below have only been reported in our 

previous work,31 and understanding their origin is beyond the scope of the present work. 

However, as we determined in our previous work,31 the δ to α transition is related to a transition 

between disordered methylene groups (α phase) to ordered ones (δ phase). New absorption bands 

characterize the ordered conformations. Figure 7 shows selected absorption regions; for PC6, we 
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focus on the regions from 1500 to 1300 cm-1 (Figure 7a) and 1160 to 980 cm-1 (Figure 7b), and 

for PC8 on the regions from 1500 to 1300 cm-1 (Figure 7c) and 1000 to 900 cm-1 (Figure 7d). 
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Figure 7. FT-IR spectra recorded during the final heating after SSA for PC6 in the range of (a) 
1500 to 1300 cm-1, and (b) 1160 to 980 cm-1; and for PC8 in the range of (c) 1500 to 1285 cm-1 
and (d) 1000 to 900 cm-1. 
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We studied the evolution of the gauche (1460 cm-1), and trans (1482 cm-1) conformation 

bands in both PC6 (Figure 7a) and PC8 (Figure 7c), as in previous works.29, 31, 32 Figures 7a and c, 

clearly show that the band at 1482 cm-1 is stronger at low temperatures (δ phase) and its intensity 

decreases upon heating (α phase), being comparable with the band at 1460 cm-1. Thus, this 

behavior evidences that the relative intensity (I1482/I1460) depends on the temperature, indicating a 

strong dominance of the trans conformation (i.e., I1482/I1460 >> 1.0) in the δ phase, and a decrease 

of such dominance (i.e., I1482/I1460 > 1.0) in the α phase (see Figure S8). In the case of the PC8, 

the trans/gauche coexistence (see Figure 7c) conformation at high temperatures is characteristic 

of the β phase29, 31 (see Figure S8b). The δ to α and α to β transitions are observed at the same 

range of temperatures reported in the SSA test (see Figure 2).  

Figure 8 shows variation in absorbance as a function of the temperature, for selected 

absorption bands in 1350 to 1250 cm-1 region. The aim of Figure 8 is to illustrate that the 

characteristics bands of the δ phase disappear at the transition temperature, found by DSC, as a 

result of the disordered conformations. It is worth noting that other minor changes (e.g., changes 

in absorbance or shift in the main bands) might be related to the solid-solid transitions. Still, here, 

for clarity, we focus on the appearance or disappearance of absorption bands. The absorption 

bands related to other regions are plotted in Figures S9 and S10.  



30 
 

-40 -20 0 20 40 60

δ  to α

α  region

 1348 cm-1  1336 cm-1  1325 cm-1

A
bs

or
ba

nc
e 

(a
.u

)

Temperature (°C)

PC6, Final Heating after SSA

(a)

δ  region

-40 -20 0 20 40 60 80 100

β  region

α  region

 

  1305 cm-1  1317 cm-1  1333 cm-1

Ab
so

rb
an

ce
 (a

.u
)

Temperature (°C)

PC8, Final Heating after SSA

δ  region

δ  to α

α  to β

(b)

 

Figure 8. Variation of the absorbance, during the final heating after SSA, for (a) PC6 absorption 
bands at 1348, 1336, and 1325 cm-1, and (b) PC8 absorption bands at 1305, 1317, and 1333 cm-1, 
as a function of the temperature. The vertical dashed lines indicate the transition temperature 
which coincided with the one detected during the SSA experiments performed in the DSC. 

 

Figures 7a and 8a show that at low temperatures (T < 20 °C) the bands at 1347, 1336, and 

1328 cm-1 are present. Upon heating, the band at 1336 cm-1, which is characteristic of the δ phase, 

disappears at ~ 20 °C, evidencing the δ to α transition, as illustrated in Figure 8a. Similarly, 

Figure 7b and S9 show that the characteristic bands of the δ phase at ~ 1011 cm-1 (Figure 6b) and 

at ~ 755 cm-1 (Figure S9c show the region related to the conformational disordering of 

methylene segments region44-47), disappears upon heating at ~ 20 °C (see Figure S9), indicating 

the δ to α transition. Thus, the bands at 1336, 1011 and 755 cm-1 are characteristic of the δ phase, 

and their disappearance indicates the solid-solid transition.  

The behavior of the PC8 is similar during the final heating after SSA, as illustrated in Figure 

8b. In this case, the characteristics bands of the δ phase are located at 1317 cm-1 and 955 cm-1 

(see Figures 7c and d) disappearing during the heating at T > 30 °C (see Figures 8b and S10). 
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Figure 7c shows that the bands at 1332 and 1303 cm-1 become less sharp and intense upon 

heating, indicating a different crystalline phase, the α or β phase, while the band at 942 cm-1 is 

slightly shifted to 940 cm-1 around 45 °C. This shift can be attributed to the α to β transition. At 

T > 45 °C (β phase), the band at 940 cm-1 becomes weaker upon heating.  

To sum up, the δ phase is characterized by more efficient chain packing in the crystals (see 

Section 3.3) due to the more ordered conformation of the methylene groups, by the extra 

absorption bands, and the trans conformation dominance of the chains. In contrast, the α phase, 

where chains are less efficiently packed in the crystals (see Section 3.3), exhibited more 

disordered conformations of the methylene groups, characterized by the absence of the δ bands, 

and less dominant trans conformation of the chains.   

4. CONCLUSIONS 

For the first time, the SSA technique was used to detect the denoted δ to α solid-solid 

transitions for PC6 and PC8, demonstrating a helpful approach.  During the final heating after 

SSA fractionation, the endothermic peak of the δ to α transition shows higher temperatures and 

enthalpies as compared to the endotherm found during a standard second heating DSC scan. 

Moreover, the δ to α peak remains unfractionated. Self-nucleation and SSA tests with different 

experimental conditions revealed that the solid-solid transition DSC signals are particularly 

improved when the thickest lamellae of α and β crystals are annealed (i.e., different levels of 

crystal stability are reached) in Domain III. In contrast, Domains I and II do not affect the solid-

solid transitions since they do not produce crystal stability changes. In-situ SSA experiments 

were performed by WAXS and FT-IR. They reveal that the δ to α solid-solid transition 

corresponds to a transformation of ordered (δ phase) to disordered (α phase) methylene 
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conformations, thus enabling a more efficient (δ phase) to less efficient (α phase) chain packing 

in the crystals.   
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