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ABSTRACT 

We have characterized a series of aliphatic polycarbonates synthesized by 

organocatalysis containing a variable number of methylene groups (nCH2) in their 

repeat units ranging from nCH2 = 6 to 12. The melting and crystallization behavior and 

crystalline structures were studied by differential scanning calorimetry (DSC), Fourier 

transform infrared spectroscopy (FT-IR), and wide-angle X-ray scattering (WAXS). 

We found a clear even-odd effect in terms of thermal properties and crystalline 

structure, for nCH2 = 6 to 9, and a saturation of the even-odd effect, for nCH2 = 10 to 12. 

These results were independent of the crystallization conditions employed: non-

isothermal, isothermal and successive self-nucleation and annealing (SSA). The even-

odd region showed that the even samples had higher melting temperatures than the 

odd ones, and a monoclinic unit cell. On the other hand, the odd samples showed an 

orthorhombic unit cell. Both even and odd samples exhibited a trans-conformation, 

with a dilution of the impact of carbonyl group as evidenced by the weakening of the 

crystalline memory effect as nCH2 increases, independently of the even or odd nature 

of the samples. In the saturation region, the methylene instead of the carbonyl groups 

dominated the behavior, resulting in thermal properties that changed almost linearly 

with nCH2. The unit cells were all orthorhombic and the strength of memory effect was 

similar, as nCH2 increased. Accordingly, the samples showed a shift of the FTIR bands 

towards a PE-like dominated conformation. 

Keywords: aliphatic polycarbonates, even-odd effect, saturation of even-odd effect, 

isothermal crystallization, Successive Self-Nucleation and Annealing. 
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1. INTRODUCTION 

Biodegradable polymers represent a solution to the pollution problems 

generated by plastics. Among them, the most important groups are the aliphatic 

polyesters and polycarbonates.
1
 Polycaprolactone, poly (lactic acid), poly (butylene 

succinate), poly (glycolic acid), among others, have suitable properties to meet the 

demands in agriculture, packaging, and medical applications.
2
 One growing group of 

biodegradable polymers is that of aliphatic polycarbonates (PC)s. They have excellent 

biocompatibility, nontoxicity, chemical and physical properties.
1, 3-6

 The PCs can 

degrade by a surface erosion process without producing acid compounds.
7-9

 This 

unique degradation process is suitable for environmental conservation, biomedicine, 

and pharmaceutics (e.g., in vivo medical application
10, 11

). Because of the much lower 

degradation rate in comparison with polyesters, PCs are suitable for applications that 

require higher stability. Also, they have other interesting characteristics, such as high 

ionic conductivity, good electrochemical stability, and high lithium transfer number, 

which make them excellent candidates for solid polymer electrolytes.
12

 

 Researchers have used different synthetic routes to obtain PCs, including 

copolymerization of dioxides with epoxides, ring-opening polymerization (ROP), and 

polycondensation.
3, 12

 The copolymerization of dioxides with epoxides, despite 

leading to molecular weights (MW) as high as 300 kg/mol, in most of the cases also 

produce ether linkages within the chains that impair the thermal and mechanical 

properties.
3
 The chemical structure limits this method since it only allows to 

synthesize PCs from three- and four-membered cyclic epoxides. 
3, 12

 The ROP also 

allows obtaining PCs of high MW, but the availability of cyclic monomers 
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undergoing ROP limits the chemical structure of the PCs. 
12

 

 In the case of the polycondensation, different strategies have been reported. 

Initially, the polycondensation of aliphatic diols with phosgene was the most studied 

but due to environmental concerns in the last decade other reagents have been 

explored to replace phosgene and derivaties.
3
 Thus, the polycondensation of dialkyl 

carbonate and diols in the melt was developed to overcome this problem. However, 

this kind of polycondensation is usually catalyzed by metals, including  TiO2/SiO2,
3
 

TSP-44,
13

 and sodium acetylacetonate.
14

 Even though they provide PCs with high 

MW,
15

 they remain as potential toxic impurities, which are not desired for biomedical 

applications.  

The described situation has been improved with organocatalysts.
16, 17

 Among 

organocatalysts, 4-dimethylaminopyridine (DMAP) shows the best catalytic 

performance 
18, 19

 and allows obtaining different PCs,
12, 18

 and copolycarbonates.
20

 

Despite the production of different PCs (i.e., with different content of methylene 

groups, nCH2, in the polymer repeating units), previous studies have been focused on 

the degradation properties,
6
 applications,

12
 and only a few works on the structure (e.g., 

“Brill transition” in poly (octamethylene carbonate)
13

), and the memory effect.
21

 

However, the crystallization behavior has not been explored in detail, leaving 

interesting phenomena, such as the even-odd effect, pending of investigation.  

 The even-odd effect consists of the alternation of the physical properties of the 

solid-state, such as melting points, sublimation, enthalpies, solubility, and modulus as 

a function of the number (even or odd) of methylene groups (nCH2) within the 

repeating units of the polymer under consideration.
22

 Although this effect has been 

studied in the last century, it is only since the last decade that its molecular origin has 
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been studied in more detail, especially in those materials in which it is more 

pronounced: (a) thermotropic liquid crystalline phases, (b) n-alkanes and some n-alkyl 

derivatives at a relatively low number of CH2 groups and (c) in the presence of 

functional groups, in both chain extremities in comparison with monosubstituted 

alkanes.
23

 Also, there are studies in aliphatic polyesters, polyamides, and 

polyimides,
24-26

 but only two studies are directly or indirectly related to the even-odd 

effect in aliphatic polycarbonates.
1, 12

 

Su et al.
1
 studied a series of PCs, nCH2 = 3, 4, 5, 6, and 10, obtained by ROP. 

They found that the odd sample (nCH2 = 5) crystallized slower than the even ones 

(nCH2 = 4, 6, and 10), and attributed this behavior to an even-odd effect. This effect 

was also reflected in the melting temperature (Tm) fluctuation as nCH2 increased, and a 

different WAXS pattern of the odd sample (nCH2 = 5) was obtained in comparison 

with those of the even samples (nCH2 = 4 and 10). The chemical structure and reduced 

symmetry, caused by pentylene units of the PC with nCH2 = 5, explained the 

differences. Similar arguments were used to describe the absence of crystallization in 

the PC with nCH2 = 3. Even though Meabe et al.
12

 focused on using PCs as solid 

polymer electrolytes, they also found Tm fluctuations in PC with nCH2 = 4, 6 to 10, and 

12, attributing them to an even-odd effect. Despite the advancements provided by Su 

et al.,
1
 and Meabe et al.

12
 a clear understanding of the even-odd effect is still lacking. 

The reasons for this are: (a) only one odd sample was useful (the PC with nCH2=3 did 

not crystallize), (b) the absence of a continuous range of samples (ROP did not allow 

obtaining samples with nCH2 = 7 to 9), and (c) the studies on the even and odd 

samples were not focused on the even-odd effect. 

As far as the authors are aware, the study of Su et al.
1
 and Meabe et al.

12
 are 
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the only ones related to the even-odd effect on polycarbonates. In this work, we study 

a wider range of PCs with different chain lengths, nCH2 = 6, 7, 8, 9, 10, 11, and 12, 

including several odd samples (nCH2=7, 8, 9 and 11) for better comparisons, through a 

systematic characterization of the crystallization behavior, structure, and molecular 

conformation, to better understand the even-odd effect in PCs.  

2. EXPERIMENTAL 

2.1 Materials 

The aliphatic polycarbonates (PCs) were synthesized, following the procedure 

reported in a previous work,
12

 by conventional polycondensation of aliphatic diols 

(e.g., 1,10-decanediol; 1,12-dodecanediol) and dimethyl carbonate, using an 

organocatalyst (4-dimethilaminopyridine, DMAP) under melt-condensation 

conditions at 130 and 180 ℃. More details of the synthesis can be found in 

References 12 and 18.  

The described method allows obtaining a wide range of PCs with a variable 

number of methylene groups (nCH2) in between the carbonate group. Thus, nCH2 values 

in the range 6 to 12 were obtained, with the molecular weights, dispersity indexes, 

and glass transition temperatures indicated in Table 1. The general chemical structure 

of the aliphatic polycarbonate obtained is shown in Scheme 1. 

Table 1. Number average molecular weight (Mn) and dispersity index (Ð) of the 

obtained aliphatic polycarbonates. For details of the chemical characterization see our 

previous work in Reference 12. 

PCs nCH2 Mn (g/mol) Ð Tg (℃) 

PC6 6 25100 1.65 -50 

PC7 7 14800 1.46 -50 
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PC8 8 15300 1.38 -54 

PC9 9 16100 1.53 -48 

PC10 10 8000 1.53 -37 

PC11 11 8000 1.56 -37 

PC12 12 8100 1.63 -37 

  

 

Scheme 1. General chemical structure of the aliphatic polycarbonate, nCH2 represents 

the number of methylene units between carbonate groups, and x the degree of 

polymerization. In this work, nCH2 was systematically varied between 6 and 12.  

  

2.2 Differential Scanning Calorimetry (DSC) experiments 

 The DSC experiments were performed in a Perkin Elmer DSC 8500, 

connected to a controlled liquid nitrogen accessory (CLN2). The DSC was operated 

with a constant flow (20 mL/min) of ultrapure nitrogen. It was calibrated with indium 

and zinc standards, and a sample weight of circa. 5 mg was used. The cooling and 

heating scans were performed at 20 ℃/min, except for isothermal experiments (i.e., 

cooling rate of 60 ℃/min). The different employed protocols are described below:  

 Non-isothermal test 

 The thermal response during non-isothermal conditions was obtained as 

follows: the samples were (a) heated from room temperature until T (i.e., temperature 

for erasing the thermal history) at 20 ℃/min, recording the first heating, and then held 

during 3 minutes at T to erase the thermal history. (b) The sample was cooled from T 

CH3 O C

O

O CH2 CH3
nCH2 x
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to -40 ℃ at 20 ℃/min, registering the cooling scan, and held at -40 ℃ for 1 minute. 

Finally, the (c) second heating scan was recorded from -40 to T at 20 ℃/min. Rate-

dependent experiments were also performed by changing the cooling rate (i.e., 5, 10, 

and 50 ℃/min) in step (b). 

 Isothermal test and modified isothermal test 

 We perform the isothermal test by following the protocol of Lorenzo et al.
27

 

Thus, we first determined the minimum crystallization temperature (Tc, min), and used 

it as the starting point of the isothermal experiments.  

 In the isothermal experiments, the sample was cooled from the melt until Tc 

(Tc≥Tc,min) at 60 ℃/min, and held at Tc enough time to reach the complete 

crystallization. In the above step, we register the isothermal crystallization behavior of 

the sample. Then, the sample was heated from Tc to record its subsequent melting. 

This procedure was performed with at least 10 different crystallization temperatures. 

 One modification of the isothermal test was also performed. This consists in 

self-nucleating the sample, at the ideal self-nucleation temperature (see details below), 

before the isothermal step. With such procedure, the sample is ideally self-nucleated 

before the isothermal step. Therefore, when the isothermal crystallization is recorded, 

only the growth is recorded instead of the overall response (nucleation + growth). The 

details are explained in Scheme S1 (Section S1 of the SI). 

 Self-nucleation (SN), and Self-nucleation and Successive Annealing (SSA) 

experiments 

 We performed SN experiments to all the samples, to determine their SN 

domains (Domain I, IIa, IIb, and III), and their ideal self-nucleation temperatures (Ts, 
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ideal). We used a scan rate of 20 ℃/min. The schematic representation of the thermal 

protocol is shown in Scheme S2 (Section S2 of the SI).  

 After determining the Ts, ideal of each material, we performed SSA experiments 

according to the protocols established and reviewed by Müller et al.
28-31

 See more 

details in Scheme S3 (Section S2 of the SI).  

We used cooling and heating rates of 20 ℃/min, holding times of 5 minutes, and 

fractionation windows of 5 ℃. The SSA experiments (see Scheme S3) were 

performed with two approaches: starting with (a) the Ts, ideal of each material, and (b) 

the highest Ts, ideal, corresponding to 68 ℃ (i.e., PC12). We used the latter approach 

for comparison purposes.  

2.3  X-ray characterization: Wide-angle X-ray scattering 

The X-ray scattering experiments were performed on a Xeuss 2.0 system 

(Xenocs SA), equipped with a microfocus CuKα X-ray source (GeniX3D, 50 kV, 0.6 

mA). The detector used was a Pilatus 300K (DECTRIS, Swiss). The sample-to-

detector distance was 189.6 mm, and the exposure time 300 seconds.  

The sample was placed in the hot stage of a Linkam THMS600 connected to a 

liquid nitrogen station and the non-isothermal test employed during the DSC 

experiments was reproduced. The WAXS patterns were taken at different 

temperatures: at room temperature, in the molten state (i.e., at T=temperature of 

erasing thermal history), at -40 ℃, at the thermal transitions (e.g., crystallization and 

melting temperatures), and 3 ℃ below and above them. 

2.4 FT-IR Characterization 

We used a Nicolet 6700 FT-IR spectrometer of Thermo Fisher, connected to a 
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Linkam FTIR 600 Hot Stage coupled to a Liquid Nitrogen supply. All the samples 

were film-cast in chloroform (by dissolving 5 mg of sample in 1 mL of CHCl3) onto 

potassium bromide (KBr) plates. The thermal protocol described in Section 2.2 for the 

non-isothermal DSC test, was reproduced in the hot-stage. In this case, for taking the 

FT-IR spectra, we used holding times of 1 minute and resolution of 2.0 or 4.0 cm
-1

 at 

each selected temperature and coaddition of 32 scans per spectra. The FT-IR spectra 

were taken at -40 ℃, at T, at the thermal transitions detected previously in the DSC, 

and 5 ℃ above and below them.  

3. RESULTS AND DISCUSSION 

3.1. Non-isothermal DSC 

Figure 1 shows the DSC cooling (Figure 1a), and second heating (Figure 1b) scans 

for all the samples. All the samples show a single crystallization peak. In the case of 

the second heating scans shown in Figure 1b, some samples exhibit a single melting 

peak (PC11, PC10, PC8), while others have a more complex melting. PC9 and PC12 

show broad melting peaks with high temperature shoulders; while PC6 and PC7 

exhibit two clearly separated melting peaks (see Figure 1b). 
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Figure 1. DSC (a) cooling, and (b) heating scans at 20 ℃/min for all the samples. 

 

 The double melting peaks in PC6 and PC7 are related to the reorganization 

process that is common in polyesters, as well as nylons and polyurethanes.
32

 Berti et 

al. 
33

 attributed the complex melting behavior of the PC6 to a reorganization process 

during the scan. DSC scans at different cooling rates, as well as X-rays experiments, 

corroborates this behavior (see Figure S1).  

The PC6 and PC8 samples also show exothermic and endothermic peaks 

below 25 ℃ (e.g., endothermic peaks at 6 and 20 ℃ for the PC6 and PC8, 

respectively). These transitions are not observed in Figure 1b because of the scale 

employed. These peaks might be related to a solid-solid transition. Further details of 

this transition are going to be investigated in future work.  
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Figure 2. Crystallization and melting temperatures as a function of the number of 

methylene groups in the repeating unit of the polycarbonates employed (nCH2). Note 

that the highest melting temperature was taken for nCH2 = 6 and 7 (see Figure 1b). The 

dashed line divides the plot in the even-odd effect region (left) and the saturation 

region (right).   

 

Besides the different transitions, Figure 1 shows an alternate or zigzag trend 

(i.e., even samples have higher properties than odd ones) of both crystallization (Tc) 

and melting (Tm) peaks as the number of methylene groups in the repeating unit of the 

polycarbonate, nCH2, increases up to 9. Then, both Tc and Tm increase linearly as nCH2 

increases, for nCH2 = 10 to 12. For the sake of clarity, we have plotted in Figure 2, the 

thermal transitions as a function nCH2. The thermal transitions are listed in Table S3. 

 Figure 2 can be divided into two regions, the even-odd region, nCH2=6 to 9, 

and the saturation region, nCH2=10 to 12. The even-odd region clearly shows an 

alternation of Tc and Tm values as nCH2 increases, due to an even-odd effect. In this 

case, even members show higher Tc and Tm than the odd ones. The observed even-odd 
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effect is related to the inter and intramolecular interactions between structural groups, 

in this case, the C=O groups. Such interactions are used to theoretically predict an 

alternated or zigzag behavior of the equilibrium melting point, up to nCH2=20, by 

using the molar melt transition function derived by Van Krevelen
34

 (see Figure S2). In 

this work, we have found that the even-odd effect is originated by structural and 

conformational differences between the even and odd samples that will be discussed 

in Sections 3.4 and 3.5. 

 In this work, we found a saturation of the even-odd effect at nCH2>9. Such 

saturation is reflected in the linear relationship of Tc and Tm as nCH2 increases (see 

Figure 2). Also, in Section 3.4 we show that in the saturation region, the crystalline 

structure remains unchanged despite increasing nCH2. To get more insights into the 

even-odd effect in PCs, we performed isothermal crystallization experiments.  

3.2. Isothermal DSC test 

The isothermal conditions are closer to the thermodynamic equilibrium than the 

non-isothermal ones. To get more insights of the even-odd effect in this state, we 

performed isothermal DSC tests to study only the growth (i.e., modified isothermal 

test) and the overall crystallization (nucleation and growth) of all the samples. 

3.2.1 Isothermal DSC: Growth only (self-nucleated samples) 

In this work, we have implemented a modified isothermal DSC test to first 

produce the nucleation step in the material (by performing self-nucleation at the ideal 

self-nucleation temperature) and therefore only follow isothermally the growth or 

secondary nucleation contribution by DSC, as Lorenzo and Müller
35

 demonstrated 

previously for polyethylene, poly (ε-caprolactone) and poly (p-dioxanone). We have 

implemented this technique due to the limitations to follow the spherulitic growth of 
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the analyzed aliphatic polycarbonates by polarized light optical microscopy, because 

of the high nucleation density present in all samples.  
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Figure 3. (a) The inverse of the crystallization half-time after ideally self-nucleating 

the material (i.e., 1/τ
G

50%) versus Tc; (b) Tc versus nCH2 at a constant 1/τ
G

50%=0.11 min
-

1
. The solid lines in Figure 3a represent the Lauritzen and Hoffman fit to the data (see 

more details in Section S4 of the SI). 

 

Figure 3a shows the quantity 1/τ
G

50% that is proportional to the growth rate 

obtained by DSC
35

 as a function of Tc for all the materials. In all cases, the growth 

rate is a decreasing function of Tc, as expected for flexible semi-crystalline polymers 

crystallizing at low supercoolings in the temperature range dominated by secondary 

nucleation.
36

 For comparison purposes, from Figure 3a, we have taken a constant rate, 

1/τ
G

50%=0.11 min
-1

, and plotted the corresponding Tc values as a function of nCH2 (see 

Figure 3b). 

Figure 3a shows that the 1/τ
G

50% vs. Tc curves for nCH2=6 to 9, alternate their 

positions. The even samples (i.e., nCH2=6 and 8) crystallized at higher Tc than the odd 
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ones (i.e., nCH2=7 and 9), responding to a strong even-odd effect. In contrast, the 

curves for nCH2=10 to 12, increases their Tc as nCH2 increases, due to an even-odd 

effect saturation. This behavior is in line with that found in the non-isothermal tests 

presented above (Figure 2).  

The difference between the even-odd effect and the saturation of the even-odd 

effect can be observed in Figures 3b. As in the non-isothermal experiments, the plots 

can be divided into an even-odd region and a saturation region, demonstrating that 

these two behaviors also occur from the crystal growth point of view. In the next 

section, we present the overall (nucleation+growth) isothermal crystallization point of 

view.   

3.2.2 Isothermal DSC: Overall Crystallization 

 Figure 4a shows the experimental values of the inverse of the half 

crystallization time (1/τ50%) that represent a measure of the overall crystallization rate 

(including both nucleation and growth) as a function of the isothermal crystallization 

temperature (Tc). In all cases the crystallization rate decreases with Tc, as expected in 

the analysed temperature range. 
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Figure 4. (a) Experimental overall half-crystallization rates (1/τ50%), (b) K
1/n

 values, (c) 

Avrami index, and (d) Enthalpies (ΔHc) taking from isothermal curves, as a function 

of the isothermal crystallization temperatures (Tc).  

  

The crystallization rate versus Tc curves in Figure 4a show temperature ranges 

that do not follow a linear trend with nCH2 for the PC6 to the PC9 samples, as 

expected for a strong even-odd effect. This region shows how the experimental data 

of the odd samples (nCH2 =7, and 9) are shifted to lower Tc values with respect to the 

curves of the even samples (nCH2 =6 and 8). A similar behavior has also been 

observed in polyesters in a range of nCH2 =2 to 4, in which the sample with nCH2 =3 

crystallizes at the lowest Tc range.
25

 Papageorgiou and Bikiaris attributed the faster 

crystallization of the poly (butylene succinate), nCH2 =4, to the flexible butylene units, 

and the retardation in the poly (propylene succinate), nCH2 =3, to its reduced 

symmetry caused by the propylene units.
25
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 In the region of nCH2 =10 to 12 (see the highest Tc values in Figure 4a), as  

nCH2 increases, the 1/τ50% vs. Tc curves are constantly shifted to higher Tc, once again 

reflecting a saturation of the even-odd effect (as was observed during the non-

isothermal and modified isothermal tests). Such saturation is the result of increasing 

the methylene segments that limits the interactions of the carbonate groups in the 

chains.  

The isothermal DSC curves were analyzed with the Avrami theory
37

 (see details 

on Section S5 the SI), and the experimental overall crystallization rates (1/τ50%) as a 

function of Tc with the Lauritzen and Hoffman theory
38, 39

 (see Section S4 for more 

details). 

The constant K of the Avrami equation (see Section S5 of the SI) represents 

the overall crystallization rate constant with units that depend on the Avrami index 

(e.g., min
-n

). In order to compare different K values with the same units, K should be 

elevated to the power 1/n. Figure 4b shows how K
1/n

 values, obtained after fitting the 

data with the Avrami theory, predict the trend found in the 1/τ50% versus Tc curves 

indicating that the theory can adequately fit the data.  Figure 4c shows Avrami 

indexes between 2.5 to 4, for all the tested Tc values, indicating that the samples 

formed spherulites that grew instantaneously (for n values between 2.5 and 3.4) or 

sporadically (for n values between 3.5 and 4), depending on Tc. The obtained Avrami 

indexes reflect that the superstructures formed during the crystallization are 

independent of the even-odd effect.  

 Figure 4d shows the enthalpy of crystallization (ΔHc) values measured during 

the isothermal DSC runs at each Tc. Even though there is not a clear alternation 

between the ΔHc values of even and odd samples, the ΔHc values for nCH2=6 to 8 are 
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lower than those for nCH2=9 to 12, indicating two separated regions, the even-odd and 

the saturation region. Similar behavior is also found during the non-isothermal tests 

(see Table S3 on the SI).   

3.2.3 Lauritzen and Hoffman (LH) Theory 

 We have applied the LH theory (see Section S4 on SI) with the Tm° values 

obtained by modifying the Tm, end from SSA experiments (see Figure S4d), and the 

equilibrium melting enthalpies (ΔHm°) predicted with the group contribution theory of 

Van Krevelen
34 

(see Table S2). The experimental data of Figure 4a was fitted by the 

LH theory and plotted as a function of Tc in Figure 5a (solid lines are the results of the 

fits), and as a function of the supercooling, defined as ΔT=Tm°-Tc (see Figure 5b). The 

LH fits were also applied to the experimental data of Figure 3a.  
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Figure 5. 1/τ50% values as a function of (a) Tc and (b) ΔT. The solid lines represent the 

LH fit. Note that the horizontal and vertical dashed lines indicate the constant values 

selected for comparison purposes. 

 

 Figure 5 shows that the overall crystallization kinetics, in terms of both Tc and 

supercooling can be separated into an even-odd region (nCH2=6 to 9) and a saturated 

region (nCH2=10 to 12). From the 1/τ50% vs. ΔT curves, it can be observed that the 

samples in the even-odd and saturation region are brought together, confirming a 

certain thermodynamic influence in the kinetics. For comparison purposes we plot, in 

Figure 6, the Tc, ΔT and 1/τ50% as a function of nCH2, at constant 1/τ50%=0.3 min
-1

 

(Figures 6a and b), Tc=50 ℃ (Figure 6c), and ΔT=30 ℃ (Figure 6d), respectively 

(note that the selected comparison values are indicated in Figure 5).  
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 Figure 6. Comparison of (a) Tc (at constant 1/τ50%=0.3 min
-1

), (b) ΔT (at a 

constant 1/τ50%=0.3 min
-1

), (c) 1/τ50% (at a constant Tc=50 ℃) and (d) 1/τ50% (at a 

constant ΔT=30 ℃) as a function of nCH2.  
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 Figure 6 shows that independently of the parameter taken as a constant, two 

regions are observable, the even-odd region (nCH2=6 to 9) and the saturation region 

(nCH2=10 to 12). In some plots (see Figures 6a and c), there is a slight alternation in 

the saturation region; this might indicate that the interaction between the functional 

groups is weak, but do not totally disappear upon increasing nCH2. The LH parameters 

were calculated for all the samples, and the nucleation and growth contribution were 

estimated (see Tables S5 to S7, and Figure S5) according to the procedure described 

by Lorenzo and Müller.
35

 The assumptions made applying the LH theory were 

focused on the differences between the even-odd region and the saturation region. 

Significant differences were found between the even-odd and the saturation region in 

line with the other experimental results. Further details of these differences are 

discussed in Section S4 of the SI. 

3.3. SN and SSA 

We performed SN and SSA experiments for all the samples. All the samples show 

the three SN domains during the SN test, i.e., Domain I, II, and III. In the even-odd 

region, the samples showed a broader Domain II (memory effect) in comparison to 

the saturation region, in which the Domain II width remains constant (see Figure S7h). 

However, in general, Domain II width is reduced as nCH2 increases, corroborating the 

findings of Sangroniz et al.
21

 The crystalline memory can also be evaluated by 

examining the width of Domain IIa. In this work, only the PC6 and PC7 samples 

exhibit Domain IIa (see Figures S7a and b). The samples with nCH2>7, do not present 

Domain IIa (see Figure S7c to g) because the strength of the interactions is reduced 

with the incorporation of methylene groups, as was found by Sangroniz et al.
21

 These 
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results suggest that neither the width of Domain II nor that of Domain IIa depends on 

the even-odd effect. 

 We have performed SSA tests on all samples. For comparison purposes, the 

highest Ts, ideal was first employed, which corresponded to that of the PC12, i.e., Ts, 

ideal=68 ℃. The results are shown in Figure 7. We also performed SSA tests by taking 

the Ts, ideal of each material, obtaining relatively similar SSA final heatings (see Figure 

S8).  
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Figure 7. Final heating after the SSA protocol was applied to the indicated samples. 

We used the following conditions for the SSA protocol: Ts, ideal=68 ℃, a fractionation 

windows of 5 ℃, and scan rates of 20 ℃/min.  
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Figure 7 shows that all the samples can be fractionated by SSA. In this case, 

the molecular fractionation provoked by the SSA protocol fractionates the materials 

based on their molecular weight distributions, as they are linear polymers with no 

defects that can interrupt their crystallizable units. The final DSC scan after the SSA 

protocol produces one or two high temperature abundant fractions (as judged by their 

enthalpy) and minor fractions at lower temperatures. The thermal fractions has been 

numbered in Figure 7. Each fraction represents the melting of a group of crystals with 

similar average lamellar thickness.
28-31, 40-42

 

If we consider the highest melting fraction of each material in Figure 7, we 

can see that the SSA protocol also generates two separated regions (i.e., even-odd and 

saturation region). Let us consider that fraction 1 is generated by Ts, 1; fraction 2 by Ts, 

2, and so on, as Ts,ideal only provokes self-nucleation.
28

 In the even-odd region (nCH2=6 

to 9), we can observe how there is an alternation of the melting points of the 

maximum melting point fractions. The even samples exhibit higher melting points 

than the odd samples.  
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Figure 8. Highest Tm value obtained after SSA of each sample (i.e., the Tm of the 

highest melting point fraction) as a function of nCH2.  

 

In the saturation region, it is observed that Tm of the higher melting point fraction 

increases as nCH2 increases. Figure 8 clearly shows the alternation of the highest Tm 

values after SSA in the even-odd region. At higher nCH2 values, a monotonic increase 

in Tm values is observed in the saturation region, demonstrating that these two regions 

are independent of the crystallization conditions (i.e., non-isothermal, isothermal or 

SSA). 

It is worth noting that in Figure 7, besides the even-odd effect, the PC6 and PC8 

SSA profiles shown some peculiar low temperature fractions labeled 10* and 6* 

respectively that could be related to solid-solid transitions. The possible solid-solid 

transitions are beyond the scope of the present paper and will be studied in a 

forthcoming paper.  
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3.4. X-rays Analysis 

 Figure 9 shows the WAXS patterns taken at room temperature (RT) for all the 

samples (also WAXS patterns taken during the cooling and subsequent heating are 

shown in Figure S9). Two main crystalline reflections are observed in every sample. 

For nCH2 = 6 to 9, there is a shift in the positions of the diffraction peaks, depending 

on the value of nCH2, indicating different lattice structures. On the other hand, for nCH2 

= 10 to 12, the peak positions are practically the same, despite the increase of nCH2; 

therefore, it is assumed that these samples have the same crystalline structure. Such 

behavior is in line with the even-odd region and saturation region described in 

previous Sections.  

As far as we are aware, the crystalline structure of aliphatic polycarbonates 

has only been reported for the poly (trimethylene carbonate) (PC3) by Takahashi and 

Kojima
43

 and the PC8 by Zhao et al.
13

 Takahashi and Kojima
43

 found that all the 

reflections for the PC3 can be indexed to an orthorhombic unit cell with a=0.702 

nm, b=0.581 nm, and c (fiber axis)=1.230 nm, with their main peaks at (110) and (200) 

planes, and two molecular chains in the unit cell. Zhao et al.
13

 found that the α and β-

form of the PC8 are both monoclinic. The α-form, which is the one obtained in this 

work, has unit cell parameters equal to: a=0.77 nm, b=1.01 nm, c (chain axis)=2.52 

nm, and β=31.5
0
, and their main peaks at q=14.5 (2θ=20.45°) and 16.4 nm

-1
 

(2θ=23.14°) (i.e., d-spacing of 0.430 and 0.380 nm, respectively) are indexed to the 

(110) and (200) planes, respectively. The β-form is only found upon heating, and 

more details can be found in reference 13. 
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Figure 9. WAXS patterns for all the samples taken at RT. We indexed the main 

reflections of the samples to the (110) and (200) planes according to the lattice 

parameters reported by Masubuchi et al.
44

 in polycarbonate-glycols oligomers (i.e., 

nCH2=4 to 10) and the known structures of PC3
43

 and PC8
13

 samples.  

 

In the case of PCs with higher nCH2 (e.g., nCH2=10 and 12), it has been 

considered that the unit cell resembles the orthorhombic unit cell of linear PE, with 

a=0.740 nm, b=0.493 nm, and c (fiber axis)=0.2534 nm, and the very strong and 

strong reflections correspond to the (110) and (200) planes.
45

  For instance, Liu et al.
46

 

assigned the reflections of the PC10 and PC12 samples to the orthorhombic PE unit 

cell, as well as Arandia et al.
20

 in the case of the PC12 sample.   
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Masubuchi et al.
44

 studied by WAXS polycarbonate-glycols (PCg) oligomers 

with different nCH2 (i.e., nCH2=3 to 10), and simulated their structures. The PCg are not 

only similar to PCs chemically, but also structurally (i.e., the PCg show similar q 

positions of the main peaks, and similar intensities), as we show in our WAXS 

patterns, see Figure 9. Hence, to further understand the crystalline structure in this 

work, we have used, as a first approximation, the PCg to index the main peaks and 

unit cells of the unknown unit cells for some of the samples reported in this work (i.e., 

nCH2=6, 7, 9, 10, 11, and 12). We have considered the known PCs unit cell, as well as 

those reported for PCg oligomers. It is worth noting that more accurate 

crystallographic details of each unit cell would have to be performed using WAXS 

date on highly oriented samples, however, such determination is outside of the scope 

of the present work.  

For the even-odd region, even samples (nCH2=6 and 8) were assigned to a 

monoclinic unit cell, with their main reflections corresponding to the (110) and (200) 

planes. In contrast, odd samples (nCH2=7 and 9) were assigned to an orthorhombic unit 

cell with their main reflections corresponding to the (110) and (200) planes. For the 

saturation region, nCH2=10 to 12, the samples were assigned to an orthorhombic unit 

cell. Table 2 shows the q values and calculated d-spacing of the main peaks. For 

comparison purposes, we have taken the unit cell parameters reported by Masubuchi 

et al.
44

 (see Section S7 of the Supporting information) and calculated the d-spacings. 

We found similarities between the d-spacings (d-spacing
1
 vs. d-spacing

2
), indicating 

that the selected planes fit correctly with the reported unit cells.  
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Table 2. q and 2θ positions (i.e., taken from the WAXS patterns in Figure 9), and the 

calculated d-spacing, the assigned plane, and unit cell for all the samples, from nCH2=6 

to 12.  

nCH2 q  

(nm
-1

) 

2θ  

(degrees) 

d-spacing
1
 

(nm) 

d-spacing
2
 

(nm) 

Assigned 

plane 

Unit  

cell 

6 14.2 

16.8 

20.1 

23.8 

0.441 

0.373 

0.435 

0.378 

110 

200 

 monoclinic 

7 13.9 

17.2 

19.5 

24.4 

0.455 

0.364 

0.448 

0.366 

110 

200 

orthorhombic 

8 14.2 

16.6 

20.1 

23.5 

0.441 

0.378 

0.448 

0.385 

110 

200 

monoclinic 

9 15.4 

17.2 

21.8 

24.4 

0.411 

0.364 

0.413 

0.369 

110 

200 

orthorhombic 

10 15.1 

17.2 

21.3 

24.3 

0.417 

0.366 

0.414 

0.370 

110 

200 

orthorhombic 

11 15.1 

17.2 

21.3 

24.3 

0.417 

0.366 

- 

- 

110 

200 

orthorhombic 

12 15.1 

17.2 

21.3 

24.3 

0.417 

0.366 

- 

- 

110 

200 

orthorhombic 

1
 Calculated d-spacing from WAXS data in Figure 10. 

2
 Calculated d-spacing for unit cell parameters 

reported by Masubuchi et al.
44

 and assuming the main planes as (110) and (200). 

  

Table 2 shows that in the even-odd region, the even samples (nCH2=6 and 8) 

have similar positions, corresponding to the values reported in the literature for the 

PC6
3, 33, 44, 47

 and PC8
13, 46

 samples. As we mentioned before, by comparison, we 

ascribed the found reflections to the (110) and (200) planes of the PC8 monoclinic 

unit cell. In this work, the β-PC8 form is only found in the PC8 sample (at high 
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temperature) upon heating (see the convergence of the two main peaks into a single 

one at high temperatures in Figure S9c on the SI).  

 According to Table 2, there is an alternation of structures in the even-odd 

region, monoclinic vs. orthorhombic. Such alternation was also found by Masubuchi 

et al., who reported a monoclinic unit cell for the even PCg’s (nCH2=4, 6, and 8) and 

an orthorhombic unit cell, for odd PCg’s (nCH2=5, 7), with a slightly tilted angle (e.g., 

the α for the nCH2=7 is 85° instead of 90°).
44

 It is worth noting that the PC3 (i.e., 

nCH2=3) also has an orthorhombic unit cell. 
43

 For monomeric units per cell, 

Masubuchi et al.
44

 reported 4 and 2 units for even and odd samples, respectively. This 

is in line with the reported units for the PC3 and PC8 samples, corroborating the 

similarities between PCs and PCg.    

In the saturation region, nCH2=10 to 12, Table 2 shows that the samples have 

similar WAXS patterns that can be attributed to the weakening of the intramolecular 

interaction of the carbonate groups due to the longer methylene chain. Consequently, 

the WAXS patterns are comparable to those exhibited by linear PE, as well as PCg 

with nCH2=9 and 10.  

Taking into account the assigned monoclinic unit cell for nCH2=6, and 8, and 

the orthorhombic unit cell for nCH2=7, 9, and 10 to 12, as well as their respective (110) 

and (200) planes, we have calculated the d-spacing by using the Bragg’s Law (see 

Table 2) and the a and b-axis sizes. These values are plotted as a function of nCH2 in 

Figure 10. For more details, see Table S9 on Section S8 of the Supporting Information.  
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Figure 10. d-spacing as a function of nCH2. The d-spacings were calculated from the 

experimental data obtained in Figure S9 and Table S9 at -40 ℃. 

 

Figure 10a shows an alternation of the d-spacing (see Figure 10a) for the (110) 

and (200) planes, from nCH2=6 to 9, due to the even-odd effect that generates different 

crystalline structure (i.e., even (monoclinic) vs. odd (orthorhombic)). The alternation 

is also observed in the a and b-axis sizes (see Figure 10b), as is expected. Masubuchi 

et al.
44

 also found an alternation of the axis sizes in the PCg’s. For nCH2=10 to 12, we 

found that the d-spacings and crystalline sizes remain unchanged due to a saturation 

of the even-odd effect. The saturation region is characterized by the decreasing 

influence of the carbonate groups and the increasing influence of the methylene units, 

instead. Thus, the methylene units determined the crystalline structure. In the next 

section, we are going to show the influence of the even-odd effect on the molecular 

conformation of the chains, with FT-IR experiments. 
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3.5. FT-IR analysis 

The FT-IR spectra show that all the samples possess typical strong bands related 

to the methylene and carbonate groups vibrations. In the case of the absorption bands 

of the methylene group, the samples show the characteristics bands due to asymmetric 

and symmetric -CH2- stretching vibrations
3
 at 2940 and 2860 cm

-1
, respectively. For 

the carbonate group: The C=O
3, 47

 stretching and the O-C-O asymmetric stretching 

vibrations
3
 are located from 1737 to 1729 cm

-1
 and 1245 to 1229 cm

-1
, respectively 

(see Figure S10). The differences between even and odd samples were found in the 

CH2 bending vibration, and the CH2-rocking vibration bands. 

CH2 bending vibration bands 

Figure 11 shows the FT-IR spectra of all the samples in the range of 1430 to 1570 

cm
-1

 (i.e., CH2 bending region). In this range, we analyzed the differences in the 

conformational changes of the methylene group, on the basics of variation of the 

absorption bands assigned to a trans- or gauche-related conformation.
48

  

For comparison purposes, the FT-IR spectra of all the samples were measured 

when the material is crystallized until saturation (i.e., we consider T=Tc,peak-5 ℃. Note 

that T is indicated in Figure 11). Figure 11 shows the bending vibration absorption 

bands corresponding to the methylene group, which can be categorized into two 

regions: the even-odd region characterized by bands related to the absorption of a 

trans or gauche-dominated conformation, and the saturation region that shows bands 

similar to linear PE crystallized in orthorhombic crystals. 
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Figure 11. Comparison of all the samples at 5 ℃ below their Tc (i.e., to ensure their 

saturated crystallization) in the CH2-bending bands. The shaded pink area indicates 

the gauche-related band, whereas the grey one indicates the trans-related band. The 

shaded blue space, in the middle, shows the PE-like bands. 

  

 In the even-odd region (nCH2=6 to 8), we found that the even samples (nCH2=6, 

and 8) show the characteristic absorption of the methylene group with a mixture of 

gauche (1466 cm
-1

) and trans (1481 cm
-1

) conformations. The relative intensity of 

these two bands (I1481/I1466), at the indicated temperatures in Figure 11, is slightly 

higher than 1. Such behavior was also found for PC8 by Zhao et al.
13

, in the α-phase 

(i.e., trans-dominated), whereas the β-phase shows a trans/gauche coexistence (i.e., 

I1481/I1466 <1.0), as we show in Figure S11.  

For PC7 (nCH2=7), the bending vibration absorption bands are shifted to 1475 

and 1483 cm
-1

, respectively. Also, there is a shoulder peak located at 1460 cm
-1

, 
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complicating the analysis of PC7. However, the encountered bands can also be 

attributed to the gauche and trans-dominated conformation. In this case, the dominant 

conformation is trans-dominated conformation, as is shown in Figure 11. In this case, 

the trans-related peak is more pronounced; therefore I1483/I1475>1.0. It is worth noting 

that in the even-odd region, the CH2 bending bands, for both even and odd samples, 

are shifted due to the attachment of the CH2 to a carbonate group.  

In the saturation region, it is observed that the spectra of samples (nCH2=9-12) 

are similar, showing two bands, located at 1467 and 1473 cm
-1

. These bands are 

similar to those of PE,
49

 i.e., 1463 and 1473 cm
-1

 bands originated from the packaging 

of two polymer chains in an orthorhombic lattice.
50

 The shift of these bands, in 

comparison with PE bands, is related to the carbonyl groups. By comparing these 

bands with those of the even-odd region, their shift indicates the decreasing influence 

of the carbonyl groups. As the influence of the carbonyl group is diluted, the materials 

behave as PE, explaining the similarity in the conformation of the methylene groups 

(in the saturation region) with those adopted by PE chains crystallized in the 

orthorhombic crystal. Such dilution of the carbonyl group influence, was also found in 

the memory effect. 

 The above conformational bands analysis confirms the different crystalline 

structures between even and odd samples (see Figure 9). In the even-odd region, both 

even and odd samples have a trans-dominated conformation pronounced for the PC7 

sample. In contrast, an important shift in the CH2-bending bands is observed in the 

saturation region, indicating the dilution of the carbonyl groups influence, and hence, 

the higher dominance of the interactions among methylene groups.   

CH2-rocking bands 
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 In Figure 12, we analyzed the absorption bands in the range of 780-700  cm
-1

, 

which correspond to a part of the progression band series (rocking-twisting mode) of 

n-paraffin with nCH2=6 to 12.
51-53

 In the saturation region, nCH2=10 to 12, two 

absorption bands can be observed, which are similar to the crystalline bands of the 

orthorhombic phase of PE, indicating the similarities between the PC10 to PC12 

samples with the PE-type lattice. In the case of the odd samples, two similar bands 

appear due to their crystallization in an orthorhombic unit cell. In contrast, the even 

samples, which are crystallized in a monoclinic unit cell, only show a single peak.  

780 760 740 720 700

 

 

A
b

so
rb

an
ce

 (
a.

u
)

Wavenumber (cm
-1
)

PC6, T=22 °C

PC7, T=14 °C

PC8, T=30 °C

PC9, T=31 °C

PC10, T=38 °C

PC11, T=41 °C

PC12, T=44 °C

 

Figure 12. Comparison of all the samples at 5 ℃ below their Tc (i.e., to ensure their 

total crystallization) in the CH2-rocking bands. The arrows indicate the main peak, 

and its splitting depending on the case.  
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 According to the above results, the intramolecular interactions influence the 

molecular conformations, hence their packaging and crystalline structure. Thus, both 

even and odd samples have a trans-dominated conformation, with CH2-bending bands 

shifted due to the influence of the carbonyl groups, and they crystallize in a 

monoclinic and orthorhombic unit cell, respectively. In contrast, in the saturation 

region, the interactions are dominated by the methylene groups, generating a 

molecular conformation dominated by the PE like structure and crystallization in an 

orthorhombic unit cell.  

 

4. Conclusions 

We characterized a series of aliphatic polycarbonates with different nCH2 (6 to 12), 

synthesized by organocatalysis. The explored crystallization conditions were non-

isothermal, modified and unmodified isothermal, and Successive Self-nucleation and 

annealing (SSA) experiments. Independently of the crystallization conditions, all the 

samples show a strong even-odd effect in thermal properties, for nCH2=6 to 9, and 

saturation of the even-odd effect for nCH2=10 to 12.  

The even-odd effect region was characterized by the higher thermal properties, 

such as Tc, Tm, 1/τ
G

50%, 1/τ50%, and higher final Tm values obtained by SSA, of the even 

samples in comparison with the odd ones, describing an alternation or zigzag behavior 

as nCH2 increases. Such differences are attributed to the different crystalline structures, 

monoclinic (even) vs. orthorhombic (odd), and different intramolecular interactions 

generated by the carbonate groups reflected in the position of the trans and gauche 

related bands, and the higher prevalence of trans-dominated conformation in the odd 

sample. The influence of the carbonate groups is diluted as nCH2 increases, as is 
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reflected in the decrease of the memory effect in the even-odd region. However, the 

memory effect becomes weaker as nCH2 increases, independently of the even or odd 

nature of the sample. 

In contrast, in the saturation of the even-odd effect region, the properties increase 

as nCH2 increases, indicating the dominance of the methylene groups interactions (over 

the carbonate groups). Such dominance generates the same crystalline structure (i.e., 

orthorhombic), conformation, and memory effect, independently of the increase in 

nCH2.  
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