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 A B S T R A C T

Recently, based upon experiments on three model polymers, we concluded that semicrystalline polymers 
exhibit different morphological features depending on the timescale of intracrystalline chain diffusion (ICD) 
relative to the kinetics of crystal growth. In this study, we investigated a series of selected aliphatic polyesters to 
test the generality of this concept. ICD and crystallization kinetics of the selected polyesters were characterized 
by nuclear magnetic resonance (NMR) and optical microscopy, respectively. Small-angle X-ray scattering 
(SAXS) was used to reveal the semicrystalline morphology, and to differentiate ICD of polyesters with rather 
slow ICD (undetectable by NMR) through comparing crystal-thickening slopes during crystallization. Our 
results confirm that the observed relation between morphology and ICD is valid for all investigated polyesters. 
The formation of ester layers in the polyester crystals results in slowing down of ICD and a reduction of 
the enthalpy of melting (𝛥𝐻𝑚,100), which is determined via a reliable combination of differential scanning 
calorimetry with 1H low-resolution NMR and further confirmed by SAXS. In addition, we propose a further 
refinement and expansion of the classification of the crystal-fixed polymers, a term that is commonly used 
in the literature. Furthermore, the shear modulus of the selected polyesters with slow ICD shows a common 
exponential dependence on their crystallinity.
1. Introduction

The nanoscopic morphology of semicrystalline polymers consists of 
stacks of thin lamellar crystals separated by amorphous layers, which 
plays an important role in determining their macroscopic mechanical 
properties [1]. It was observed by Boyd [2,3] that this semicrystalline 
morphology is closely related to intracrystalline chain diffusion (ICD). 
ICD is a unique feature of semicrystalline polymers and refers to the 
mobility of polymer chains in and through the crystallites [4,5]. This 
process is associated with a crystalline 𝛼-relaxation (𝛼c-relaxation) [5], 
a thermally activated process requiring a specific activation energy [5], 
which corresponds to the average time between two monomer jumps. 
This can be quantitatively characterized by nuclear magnetic resonance 
(NMR) measurements up to 1 s [4–8]. The 𝛼c-relaxation can also be 
observed via dynamic mechanical analysis (DMA) [2,9–11] and other 
measurements [2]. The corresponding activation energy of this 𝛼c-
relaxation can be determined by NMR or DMA methods with the 
Arrhenius equation [9,10,12].

I This article is part of a Special issue entitled: ‘Honoring C. De Rosa’ published in Polymer.
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Our recent studies on semicrystalline morphology, based on a few 
model polymers, show that the timescale of ICD (⟨𝜏c⟩) relative to 
the kinetics of crystal growth (𝜏 lc) determines the fundamental mor-
phological feature of semicrystalline polymers [4,12,13]. When ⟨𝜏c⟩
is much longer than 𝜏 lc, the polymers are referred to ‘‘crystal-fixed’’ 
polymers. These polymers, such as polycaprolactone (PCL), exhibit 
no or only rather slow ICD, which cannot be further resolved by 
NMR measurements [4]. They show morphological features where the 
thickness of crystalline layer (𝑑c) is comparable to or smaller than 
that of amorphous layer (𝑑a), and the distribution width of 𝑑c (𝜎c) is 
much narrower than that of 𝑑a (𝜎a) at the crystallization temperature 
(T c). The morphological features (𝑑a, 𝑑c, 𝜎a, 𝜎c) can be characterized 
by quantitative modeling of SAXS data [12,14]. In addition, insertion 
crystallization takes place in crystal-fixed polymers, i.e. upon cool-
ing thin crystals form (from T c to lower temperature) in the large 
amorphous regions, which can be measured quantitatively by NMR 
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measurement and further confirmed by the combination of SAXS and 
WAXS measurements [1,12,13]. In contrast, when ⟨𝜏c⟩ is comparable 
to or shorter than 𝜏 lc, the polymers are termed as ‘‘crystal-mobile’’ 
polymers. These polymers, e.g. high density polyethylene (HDPE) and 
polyethyleneoxide (PEO), possess fast ICD (short ⟨𝜏c⟩), which is clearly 
detected by NMR measurements. They demonstrate opposing morpho-
logical features to that of crystal-fixed polymer: 𝑑a is much thinner 
than 𝑑c, and 𝜎a is significantly narrower than 𝜎c at crystallization 
temperatures (T c). Upon cooling, instead of insertion crystallization, 
crystal-mobile polymers tend to form crystals through post-growth 
thickening, also referred to as surface crystallization [15], which occurs 
mostly at the interface between crystalline and amorphous regions and 
does not significantly increase crystallinity [12].

Although PCL, a polyester, is classified as a ‘‘crystal-fixed’’ poly-
mer, we still noticed slow crystal thickening during secondary crys-
tallization [4], a process typically related to the existence of ICD. 
While during insertion crystallization new thinner crystals form, a 
thickening during secondary crystallization cannot be caused by the 
formation of new thicker crystals, simply as there is not enough space 
available in the already formed crystal stacks. As mentioned above, 
it is possible that PCL possesses rather slow ICD instead of being 
strictly crystal-fixed, a distinction that remains challenging to resolve. 
Polyesters are generally classified as crystal-fixed polymers in polymer 
physics textbooks [16], as these materials typically meet the typi-
cal molecular criteria (e.g. with pendant groups and long monomer 
units) that impede ICD. However, notable exceptions exist. Poly-L-lactic 
acid (PLLA) and poly-3-hydroxylbutyrate (P3HB), two commercially 
available polyesters, exhibit crystal-mobile behavior [10,17]. In ad-
dition, a copolyester of polycaprolactone and polypentadecalactone 
(PCL-co-PPDL), which contains rather long monomer units, exhibits 
the 𝛼c-relaxation associated with ICD [18]. Song et al. proposed that 
a helical chain conformation in the crystals, as opposed to a pla-
nar conformation, facilitates ICD [19]. However, this hypothesis is 
contradictory to the case of a well-known crystal-mobile polymer, 
high-density polyethylene (HDPE), which adopts planar chain confor-
mation [20]. Marxsen et al. [21] showed that a layered ester structure 
is present in the polyester crystals, which has been demonstrated to 
hinder ICD [18].

Following these observations, and considering that both the 𝛼c-
relaxation (or ICD) and semicrystalline morphology (crystal content-
crystallinity) both have significant influence on mechanical modulus 
of polymers [11,22], we aim to investigate the influence of ester 
groups on the intracrystalline chain diffusion (ICD) by studying a 
series of aliphatic polyesters with systematically varied ester content. 
Although some aliphatic polyesters are already commercially available 
and widely used [23–26], their intracrystalline chain diffusion (ICD) 
and semicrystalline morphology are not yet fully studied, not to men-
tion other aliphatic polyesters. Thus, we want to characterize their 
ICD and semicrystalline morphology and check the generality of our 
hypothesis about the dependence of semicrytalline morphology on the 
relative of the timescale of ICD and layer crystallization. In addition, 
we aim to explore the possibility of distinguishing differences in the 
timescale of ICD among crystal-fixed polymers. Furthermore, mechan-
ical properties specifically the shear modulus, which is closely related 
to both ICD and semicrystalline morphology, will be systematically 
investigated due to their importance for practical applications.

We therefore present here an experimental study of selected aliphatic
polyesters with various ester content using a combination of solid-state 
NMR and SAXS-based analysis to estimate the timescale of ICD and 
complete semicrystalline morphology. A newly developed approach 
based on SAXS was used to differentiate ICDs among crystal-fixed 
polymers with different ester content. Reliable values for enthalpy 
of melting (𝛥𝐻m,100) of the selected polyesters are reported based 
on the robust techniques: solid-state NMR techniques and differential 
scanning calorimetry (DSC). In addition, we report the dependence of 
shear modulus on semicrystalline morphology (crystallinity) and ICD. 
2 
Fig. 1. Chemical structures of the monomers of the selected polyesters: 
PGA (poly glycolic acid), PLLA (poly-L-lactide acid), P3HB (poly-3-
hydroxybutyrate), P4HB (Poly-4-hydroxybutyrate), PVL (polyvalerolactone), 
PCL (polycaprolactone), PPDL (poly 𝜔-pentadecalactone).

As aliphatic polyesters are promising alternatives to commodity plastics 
such as polyethylene (PE) and polypropylene (PP) due to their similar 
mechanical and thermal properties and combined with recyclability 
and degradability [27,28], a thorough fundamental understanding from 
chemical structure to microstructure and macroscopic properties is 
essential for guiding material design and future applications.

2. Experimental section

2.1. Materials

We selected the series of aliphatic polyesters, within the constraints 
of material availability, with the main aim to cover a broad range 
of N cc. N cc is the number of carbon–carbon bonds in the monomer 
along the backbone, namely the length of methylene sequence in 
the monomer if there is no side chain. The chemical structures of 
the monomers are illustrated in Fig.  1. Poly glycolic acid (PGA) was 
purchased from Polysciences Europe GmbH (Germany). The molecular 
weight (Mw) is above 100 kgmol−1. Poly-L-lactide acid (PLLA) was 
provided by Corbion (Amsterdam, Netherlands) in the form of pel-
lets (Grade: L175), with Mw of 120 kgmol−1. Poly-3-hydroxybutyrate 
(P3HB) was supplied by Dr. Hänggi from Biomer (Germany), in the 
form of pellets (P338) from T26 powder. Poly-4-hydroxybutyrate (P4HB
was synthesized by Prof. Manfred Zinn from HES-SO Valais-Wallis 
university (Switzerland). Polyvalerolactone (PVL) was synthesized by 
Dr. Svenja Stürmer from university Hamburg, with Mw = 190 kgmol−1, 
PDI = 2. Poly 𝜔-pentadecalactone (PPDL) was provided by Dr. Felix 
Scheliga from university Hamburg, Mw = 439 kgmol−1, PDI=4.92. In 
addition, the high density polyethylene (HDPE) and polybutylene suc-
cinate (PBS) used in this study as benchmark materials were provided 
by Total (Grade: Lumicene® mPE M5510EP) with 𝑀n = 27 700 gmol−1, 
PDI = 2.8 and by PTT MCC Biochem Co., Ltd. (Grade: FZ91) with 
𝑀n = 40 850 gmol−1, 𝑀w = 143 400 gmol−1. Further detailed informa-
tion of the samples can be found in Table  1. The melting temperatures 
of the different samples vary over a wide range. Correspondingly, 
the temperatures for isothermal crystallization were chosen at similar 
supercoolings such that the crystallization process could be readily 
followed by our experimental methods.

2.2. 1H low-resolution NMR FID

1H time-domain NMR experiments were conducted on a Bruker 
Minispec mq20 spectrometer with a proton frequency of about 20MHz
(𝐵0 ≈ 0.47T) by using a static probe head to provide a mobility-based 
measure of absolute weight-based crystallinity by ‘‘proton counting’’. 
The temperature was controlled during the experiment via airflow regu-
lated by a BVT3000 unit with an accuracy of about ±1K and a gradient 
of up to 0.5K across the sample. Prior to isothermal crystallization, 
the samples were molten 10–20K above their melting temperature for 
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Table 1
Number of carbon–carbon bonds in the monomer along the backbone (N cc), weight-average molecular weight (Mw), polydispersity index (PDI), 
glass transition temperature (T g), melting temperature (Tm), mass crystallinity by NMR measurements (𝑋c,NMR), volume crystallinity by SAXS 
measurements (𝑋c,SAXS), density of crystalline and amorphous phases at room temperature (𝜌𝑐 , 𝜌𝑎), enthalpy of melting (𝛥𝐻𝑚,100), and average 
monomer jump time (⟨𝜏𝑐⟩) of different polyesters. Tmwas determined based on the maximum of melting peak position in the second heating scan 
of each polyester at 10K min−1 by DSC. The corresponding DSC data are shown in Figure S1. 𝛥𝐻𝑚,100 was calculated from the NMR crystallinity 
values listed in Table S1 and the melting enthalpy measured by DSC in Figure S2. ’*’ indicates literature values, ’–’ denotes that data is not 
available, ’a’ indicates data provided by suppliers.
 PGA PLLA P3HB P4HB PVL PCL PPDL  
 N cc 1 1 2 3 4 5 14  
 Mw(kgmol−1) 100𝑎 120𝑎 – 848 190 188𝑎 439  
 PDI – – – 2.73 2 – 4.92  
 T g∗ (◦C) 40 

[23]
50–60 [23] 0–27 [29–32] −51 [33] −66 [34] −60 [35] −23, −33 

[36]
 

 Tm (◦C) 223 175 174 52 58 60* [37] 95  
 𝑋c,NMR (wt.%) 60 – – 35 52 – 47.9  
 𝑋c,SAXS (vol.%) 44 60 70 36 52 – 46  
 𝜌𝑐 (g cm−3) 1.71 

[38]
1.26 [39] 1.24 [40] 1.22 [41] 1.19 [42] – –  

 𝜌𝑎 (g cm−3) 1.45 
[38]

1.25 [39] 1.18 [33] 1.21 [33] – – –  

 𝛥𝐻∗
𝑚,100 (J g−1) 139 

[43], 
180, 
202 
[44], 
183 
[45]

104.5 [46] 146 [47] – 182 [48] 157 [12] 227 [49], 
233, 264 
[36]

 

 𝛥𝐻𝑚,100 (J g−1) 129.3 – – 96.9 ± 7.2 143.3 ± 4.7 – 211.7  
 ⟨𝜏𝑐⟩∗ (s) – ∼3 [17] ∼0.1 [10] – – >1 [12] –  
   
∼5min as a compromise between the removal of thermal history and 
thermal degradation. Step cooling was performed starting from the 
sample’s isothermal crystallization temperature at a rate of ∼ 5Kmin−1, 
with an additional 10min of equilibration before each free-induction 
decay (FID) measurement.

The 90◦ and 180◦ pulse lengths ranged from 1.5 to 1.8 μs and from 
3.5 to 3.8 μs, respectively. Recycle delays (RD), which is the time 
between successive scans, was set between 4 to 10 s corresponding 
to about 5 times the 1H 𝑇1-relaxation time of the crystalline domain 
to ensure complete 1H magnetization relaxation of the sample. As 
the instrument features a dead time of 15 μs, direct acquisition of the 
FID following a 90◦ pulse fails to capture the initial rapidly decaying 
crystalline component. To address this issue, the magic sandwich echo 
(MSE) [50] pulse technique was employed, which allows recovery of 
the early signal. Although the latter compensates for the dead time, 
its signal amplitude is reduced by pulse sequence imperfections and 
potential intermediate motions in the sample [7,51]. Therefore, only 
the shape parameters were extracted from the MSE-FID while the signal 
amplitudes were taken from the fits to the FIDs. Exemplary data of each 
sample are shown in Figure S3.

The crystallinity of the samples at each temperature was determined 
based on the relationship between strong 1H-1H dipole–dipole cou-
plings and increasingly fast segmental dynamics in the interphase and 
the mobile amorphous phase. This means the amplitudes of FID com-
ponents with short, intermediate and long dipolar-dephasing timescale 
(or 𝑇2) reflect the crystal, interface and amorphous fractions, respec-
tively [7]. The fitting equation based on this concept is, 

𝐼FID(𝑡) = 𝐴c ⋅ 𝑒
−(𝑎2𝑡2∕2) ⋅

sin (𝑏 ⋅ 𝑡)
𝑏 ⋅ 𝑡

+ 𝐴i ⋅ 𝑒
−(𝑡∕𝑇 ∗

2,i)
𝜐i + 𝐴a ⋅ 𝑒

−(𝑡∕𝑇 ∗
2,a)

𝜐a (1)

where 𝑡 is time, 𝐴c,i,a represents the amplitude of the corresponding 
decaying component, 𝑇 ∗

2,i,a and 𝜐i,a are the shape parameters (apparent 
𝑇2 and stretching exponent 𝜐 of the more mobile components, while 𝑎
and 𝑏 are the shape parameters of the crystalline part, where the so-
called Abragamian function works well for polymers with only CH2
groups along the main chain. A representative example of MSE-FID 
and FID curve fitting of each sample are shown in Figure S3. The 
3 
crystallinity is calculated according to 

𝑋𝑐 =
𝐴c

𝐴c + 𝐴i + 𝐴a
⋅ 100% (2)

2.3. 13C Magic-angle spinning NMR spectroscopy

All 13C MAS spectra measurements were performed using 400MHz
Bruker Avance III spectrometers equipped with double and triple reso-
nance magic angle spinning (MAS) probes. The 13C Larmor frequency 
was 100.6MHz, and samples were spun at a MAS frequency of 10 kHz
± 3Hz. The 𝜋/2-pulse power was set between 44 - 51W for 1H and 
140W for 13C, corresponding to pulse lengths of approximately 3 μs. To 
enhance the inherently low sensitivity of 13C nuclei, cross-polarization 
(CP) from 1H was employed. A contact time (CT) of 1.5ms was used 
to detect the (non-quantitative) full sample spectrum, while a short 
CT of 0.1ms was chosen to minimize the contribution from amor-
phous segments, due to their lower 1H-13C polarization transfer effi-
ciency, resulting in crystalline-phase dominated spectra. Additionally, 
direct polarization (DP) 13C spectra with short recycle delay (RD) of 
1 s were used to selectively detect mobile groups with fast 𝑇1 relax-
ation, corresponding to mobile amorphous chains. 13C spectra and peak 
assignments for each sample are shown in Figure S4.

2.4. 𝑇1-Relaxation and diffusive exchange

The 𝑇1-relaxation time of 13C nuclei offers valuable insights into the 
molecular dynamics within semicrystalline polymers. In this work, 13C 
𝑇1 measurements were carried out using a z-filtered pulse sequence 
after CP on the 13C channel [6]. This technique ensures that the 
observed signal intensity, denoted as 𝐼(𝜏), decays to a well-defined 
zero with increasing relaxation delay 𝜏. The measured decay of the 
signal can arise from either standard exponential 𝑇1-relaxation or from 
a diffusive process transport of chains from the crystalline to the amor-
phous domain, where the 𝑇1-relaxation is almost instantaneous [20]. 
A key feature of such diffusive behavior is a linear decay dependence 
of the 𝐼𝜏 on square root of time, 𝐼𝜏 ∼

√

𝜏. To differentiate between 
these two mechanisms, we plot the decay function log(1−𝐼 ∕𝐼 ) against 
𝜏 0
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log(𝜏), where 𝐼0 is the initial magnetization [10]. In this representation, 
the slope of 0.5 reflects a power-law dependence characteristic of 
chain diffusion, whereas exponential relaxation appears more non-
linearly with initial slope of unity. This analytical approach enables 
clear identification and quantification of both diffusive exchange and 
𝑇1-relaxation.

2.5. SAXS

SAXS measurements were performed on a Kratky compact camera 
(Anton Paar GmbH, Graz, Austria) equipped with an X-ray optics (AXO 
Dresden GmbH, Germany), a temperature-controlled sample holder, 
and a 1D detector Mythen2 R 1K (Dectris, Switzerland). As the camera 
has a slit focus, the data had to be deconvoluted. This was achieved by 
applying the desmearing algorithm by Strobl [52].

The samples were quenched from their melt state (20–30K higher 
than their Tm) to different isothermal crystallization temperatures in 
the Kratky camera. The exposure time for each measurement was 
10 min. The analysis of the SAXS data is based on the interface distri-
bution function (IDF or K’’(z)), originally introduced by Ruland [53]. 
With the analysis, not only can the average crystalline layer (𝑑c) and 
amorphous layer (𝑑a) thickness be determined, but also the correspond-
ing distribution widths, 𝜎c and 𝜎a, can be revealed, which are the 
essential morphological features telling difference between crystal-fixed 
polymers and crystal-mobile polymers. The detailed analysis procedure 
is described in our previous publications [12,14]. Examples of analysis 
of each polyester can be found in Figure S5-S11.

2.6. Dynamical mechanical analysis (DMA)

The shear modulus was measured with a rheometer Ares G2 equi-
pped with heating chamber from TA instruments using a sample in 
stripe geometry (sample length between clamps 20mm, width 10mm, 
thickness 1.5mm) at different temperatures but constant frequency of 
10 rad s−1 and 0.1% strain. To prepare the samples with stripe geometry, 
all of them were heated 20–30K above their melting temperatures for 
10min in a rectangular vacuum compression mold (MeltPrep, Graz, 
Austria) and cooled to different temperatures for isothermal crystal-
lization according to Table S1. The cooling rate was estimated to be 
5K min−1. Subsequently, the samples were transferred from the mold 
to the rheometer at room temperature.

2.7. Differential scanning calorimetry (DSC)

The melting temperatures and melting enthalpies of the samples 
were determined with a DSC 8000 from Perkin Elmer. Heating and 
cooling scans were conducted at a rate of 10 K min−1. Prior to each 
measurement, the samples were heated 20K to 30K above their 𝑇𝑚 for 
10 min to erase thermal history.

3. Results and discussion

3.1. Comparison between timescales of ICD (⟨𝜏c⟩) and layer crystallization 
(𝜏 lc)

To investigate the dependence of semicrystalline morphology on the 
timescales of ICD (⟨𝜏c⟩) relative to layer crystallization (𝜏 lc), we need 
to measure ⟨𝜏c⟩ and 𝜏 lc of the selected aliphatic polyesters. Although 
it can be challenging to determine the exact ⟨𝜏c⟩ of the samples, 
due to the threshold of experimental techniques, we seek to at least 
estimate the range of ⟨𝜏c⟩ to quantify the relationship between the 
two timescales. Temperature-dependent 1H NMR-free induction decay 
(FID) measurements were performed to examine the presence of fast 
ICD (⟨𝜏c⟩ < 50 μs) in the crystalline phase of the polyesters. In addition 
to probing fast ICD, the 1H NMR-FID measurements provide a means to 
estimate the crystallinity (𝑋 ) at different temperatures, which will be 
c
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Fig. 2. Exemplary 1H NMR-FID measurements of P4HB with intensity plotted 
vs. acquisition time at different crystallization temperatures. To illustrate the 
decomposition procedure the inset shows a set of full 1H NMR-FID and MSE-
FID curves, the complete fit and its three components: 𝐴𝑐(crystalline), 𝐴𝑖
(intermediate) and 𝐴𝑚 (amorphous). The main figure shows the crystalline 
component only. Crystalline components of other polyesters are shown in 
Figure S12.

Fig. 3. 13C 𝑇1-relaxation data plotted as log(1 − 𝐼𝜏∕𝐼0) versus log(𝜏) on a 
crystalline peak (Figure S4) of isothermally crystallized PGA, P4HB, PVL, 
PCL and PPDL measured at the temperature indicated in the legend. The 
crystallization conditions correspond to Table S1. The data from PBS and P3HB 
are illustrated here as examples of typical crystal-fixed and crystal-mobile 
polymers, respectively [10,13]. The solid line is a linear fit with a slope of 
0.5, indicative of ICD occurring on timescales faster than 1 s. The dashed lines 
serve as visual guides for the non-linearity of the initial data points, suggesting 
the absence of ICD within this timescale. The data for PBS, PCL and P3HB are 
taken from our previous publications [10,13].

discussed at the end of this section. PLLA, P3HB and PCL were excluded 
from 1H NMR-FID measurements because ⟨𝜏c⟩ of these polyesters is 
available in the literature [10,12,17]. If ⟨𝜏c⟩ < 200 μs, the normalized 
crystalline FID line shape changes with temperatures [7]. However, 
the crystalline FID curves of each polyester, measured at different 
temperatures, superimpose (Figs.  2 and S12). This independence of the 
line shape on temperature indicates the absence of ICD on the timescale 
up to 200 μs at all measured temperatures.

As no fast ICD is present in PGA, P4HB, PVL and PPDL, we per-
formed 13C 𝑇1-relaxation to access slower ICD, ⟨𝜏c⟩ up to 1 s, a timescale 
well within the sensitivity of this technique [4]. This approach probes 
long-range diffusive exchange between crystalline and amorphous ph-
ases. Therefore, prior to 13C 𝑇 -relaxation measurements, crystalline 
1
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and amorphous signals were distinguished based on selective 13C NMR 
spectra (Figure S4). In rigid semicrystalline domains, 13C 𝑇1-relaxation 
typically shows a slow exponential decay (𝜏 > 10 s, 𝜏 is waiting time). 
However, as outlined in the Experimental Section 2.4, the presence 
of ICD enables magnetization exchange between phases, resulting in 
a faster decay of the crystalline peak intensity (𝐼𝜏 ) that follows a 
characteristic square-root dependence on the relaxation delay 𝜏 in the 
sub-second regime. This behavior is described by one-dimensional (1D) 
free-diffusion behavior [20,54–57]: 
𝐼𝜏
𝐼0

= 1 −

√

2𝐷
𝑑c

√

𝜏 (3)

where 𝐷 is the diffusion coefficient and 𝑑c is the crystalline layer 
thickness. A logarithmic transformation of this equation allows for 
linearization: 

log(1 −
𝐼𝜏
𝐼0

) = 1
2
log(𝜏) + log

√

2𝐷
𝑑c

(4)

Thus, a slope of 0.5 in the plot of log(1− 𝐼𝜏
𝐼0
) versus log(𝜏) is a hallmark 

of chain diffusion within the crystalline phase.
Fig.  3 presents this analysis for PGA, P3HB, P4HB, PVL, PCL, PPDL 

and polybutylene succinate (PBS). Among these, only P3HB, used here 
as a known crystal-mobile reference polymer [10], exhibits a slope of 
0.5 at short 𝜏, confirming the presence of ICD. The absence of such 
behavior in PGA, P4HB, PVL and PPDL suggests no detectable ICD 
up to 1 s. PBS and PCL are included as the reference polymers known 
to lack measurable ICD [12,13]. The presence of even slower ICD in 
the crystalline region is difficult to be probed by NMR measurements, 
although it might exist. However, a quantitative comparison of ICD 
turns out to be possible by SAXS measurement via observation of the 
crystal thickening rate, which is discussed separately in the following 
section.

The growth rate of spherulite (𝜇) of polyesters is measured at 
different crystallization temperatures by polarized optical microscopy. 
The layer crystallization time (𝜏 lc) is estimated from the spherulitic 
growth rate according to Eq.  (5) [12]. 

𝜏 lc =
5Å
𝜇

(5)

⟨𝜏c⟩ of PGA, P4HB, PVL, PCL and PPDL (aliphatic polyesters without 
the CH3 group as a side chain) is longer than 𝜏 lc, while ⟨𝜏c⟩ of PLLA 
and P3HB (aliphatic polyesters with the CH3 group as a side chain) is 
similar or even shorter than 𝜏 lc (Figure S13). Therefore, the aliphatic 
polyesters without the CH3 group as a side chain belong to the class of 
crystal-fixed polymers. The aliphatic polyesters with the CH3 group as 
a side chain belong to the crystal-mobile polymers.

In addition, the crystallinity (𝑋c) measured by NMR indicates the 
presence of insertion crystallization in PGA, P4HB, PVL and PPDL. This 
is a morphological characteristic of crystal-fixed polymers [1,12,13], 
as illustrated in Fig.  4. The change of 𝑋c of PCL versus temperatures 
can be found in Ref. [12]. 𝑋c of all crystal-fixed polymers increases 
significantly with decreasing temperature, even after crystallization 
is complete at their corresponding crystallization temperatures. Fur-
thermore, SAXS and wide-angle X-ray scattering (WAXS) results from 
these polymers can also qualitatively confirm the presence of insertion 
crystallization (Figure S14 and S15).

3.2. Semicrystalline morphology

To check the previously observed relation between ICD and the 
semicrystalline morphology, we characterized the semicrystalline mor-
phology of the selected aliphatic polyesters by SAXS measurements. 
Fig.  5(a) shows the crystalline layer thickness (𝑑c), amorphous layer 
thickness (𝑑a) and their corresponding distribution widths, 𝜎c and 𝜎a
of PGA, P4HB, PVL, PCL and PPDL, i.e. crystal-fixed polymers, at the 
corresponding crystallization temperatures. To facilitate comparison, 
5 
Fig. 4. Crystallinity (𝑋c) of PGA, P4HB, PVL and PPDL measured by 1H 
NMR-FID versus temperature. The red data points were obtained at isothermal 
crystallization temperatures, while the black hollow data points were obtained 
during subsequent cooling or heating processes. Detailed crystallization con-
ditions, including additional 𝑋c obtained at other isothermal crystallization 
temperatures, are listed in Table S1.

only the corresponding results obtained at the end of the isothermal 
crystallization process at different temperatures are shown in Fig.  5(a). 
The complete morphological evolution of different polyesters during 
the course of the isothermal crystallization process at different tem-
peratures can be found in Figure S16, S17 and S18. As shown in 
Fig.  5, 𝑑c increases slightly with increasing isothermal crystallization 
temperature (T c) for all five polyesters. 𝑑c is always smaller than 𝑑a
or comparable to 𝑑a(in the case of PVL). Importantly, the distribution 
width of the amorphous layer thickness (𝜎a) of the 5 polymers is signif-
icantly broader than that of the crystalline layer thickness (𝜎c). Please 
note that PGA possesses polymorphism, this study focuses only on its 
𝛼 form crystal [58,59]. Polymorphism of the other three polyesters has 
not been reported.

Fig.  5(b) presents the values of 𝑑c, 𝑑a and their corresponding 
distribution widths, 𝜎c and 𝜎a, for PLLA and P3HB (the crystal-mobile 
polymers) at the end of the crystallization process. Detailed time-
dependent values can be found in Figures S19 and S20. 𝑑c  in contrast 
to above, of both polyesters increases with crystallization temperatures, 
while 𝑑a is more or less independent of crystallization temperatures. At 
all crystallization temperatures, both polyesters show a greater value 
for 𝑑c than for 𝑑a, and a broader distribution width 𝜎c than 𝜎a. We 
are aware of polymorphism of both polyesters and present in this 
study only the semicrystalline morphology of the 𝛼-form crystals of 
both polyesters. This selection was achieved by choosing appropriate 
crystallization conditions [40,60–63].

Our measured values of 𝑑c and 𝑑a of all samples are consistent with 
available literature values [12,64–71], but, in addition, we provide a 
more complete analysis of the semicrystalline morphology by reporting 
the corresponding distribution widths. 𝑋c values determined by SAXS 
(𝑋c = 𝑑c∕(𝑑c + 𝑑a) ⋅ 100%) are in good agreements with those obtained 
from the NMR measurements (Table  1), with the exception of PGA, 
where discrepancies arise due to the large density difference between 
the crystalline and amorphous phases [38]. Furthermore, our study 
reveals the semicrystalline morphology of P4HB and PVL, which have 
not yet been reported in the literature. All of our results are consistent 
with the expectation based on our previous studies, which were based 
on a limited number of model polymers [4,12,13]: for crystal-fixed 
polymers, 𝑑a is comparable to or greater than 𝑑c  and 𝜎a is broader 
than 𝜎c; conversely for crystal-mobile polymers, 𝑑c is greater than 𝑑a
and 𝜎  is narrower than 𝜎 .
a c
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(a) (b) 

Fig. 5. (a) 𝑑c and 𝑑a of the five crystal-fixed polymers: PGA, P4HB, PVL, PCL and PPDL, measured at the corresponding isothermal crystallization temperatures 
based on the last points in Figures S16, S17 and S18. The error bars are the distribution width of 𝑑a (in blue) and 𝑑c (in red). The detailed SAXS analysis is 
illustrated in Figure S5, S6, S7 and S8. The assignment of 𝑑c and 𝑑a was based on the crystallinity measured by 1H NMR-FID listed in Table S1 or the trend of 
change of 𝑑c and 𝑑a during crystallization (Figure S18 (a)). PCL data are reproduced from Ref. [12]. (b) 𝑑c and 𝑑a of PLLA and P3HB at different isothermal 
crystallization temperatures based on the last points in Figure S19 and S20. The error bars are the distribution width of 𝑑a (in blue) and 𝑑c (in red). The detailed 
SAXS analysis is illustrated in Figure S9 and S10. The assignment of 𝑑c and 𝑑a was based on crystallinity from the literature. P3HB and PLLA are known to have 
more than 50% crystallinity, according to Refs. [10,63].
(a) (b) 

Fig. 6. (a) 𝑑c of the different polymers during the isothermal crystallization process at the given temperatures. 𝑑c values used for this comparison are taken 
during the secondary crystallization (Figure S16). PCL data are reproduced from Ref. [4]. (b) 𝐶 values, i.e. energy barrier per unit length for thickening, of the 
polymers are calculated according to Eq.  (7), based on the linear fitting in (a), and averaged for different crystallization temperatures. The dashed line is a guide 
for the eye. PLLA and P3HB data are obtained from Figure S20.
s 
3.3. Quantitative comparison of ICDs of the crystal-fixed polymers

As previously observed in PCL [4], even polymers with ICD timescale
(⟨𝜏c⟩) longer than 1 s, i.e. not observable by NMR, can exhibit crystal 
thickening during secondary crystallization. This observation suggests 
that indeed on a longer timescale ICD takes place and motivates 
us to study their relative timescale of ICDs in different polyesters 
by comparing their crystal thickening processes during isothermal 
crystallization.

Fig.  6(a) illustrates the increase of crystalline layer thickness (𝑑c) 
of crystal-fixed polymers, plotted as a function of crystallization time 
on a logarithmic scale. High density polyethylene (HDPE), which is 
a crystal-mobile polymer, is also included, as the limiting case of an 
aliphatic polyesters with infinite N cc (N cc is the number of carbon–
carbon bonds in the monomer along the backbone, namely the length of 
methylene sequence in the monomer). This treatment is justified for the 
investigation of crystallization as HDPE possesses similar chemical and 
crystal structure (chain conformation in the crystals and the crystal unit 
6 
cell) as PGA, P4HB, PVL, PCL and PPDL [41,42,59,72–74]. A similar 
approach was also taken by other researchers [75].

In Fig.  6(a), 𝑑c for all polymers increases linearly with the crystal-
lization time on the logarithmic scale, and the crystal-thickening slope 
systematically decreases as N cc decreases. The logarithmic dependence 
of 𝑑c on the crystallization time has also observed in the literature [76–
78]. This dependence is described by the differential equation (6) [76], 

𝑑(𝑑c)
𝑑𝑡

= 𝐴𝑒−
𝐶𝑑c
𝑘𝑇 (6)

where 𝑘 is the Bolzmann constant, 𝐴 is the amplitude, 𝑇  is the crystal-
lization temperature, and 𝐶 is an energy barrier per unit length. The so-
lution of this equation is shown in Eq.  (7). The slope of the crystal thick-
ening is proportional to crystallization temperature 𝑇  and inversely 
proportional to energy barrier per unit length 𝐶 in the semi-logarithm 
plot, 

𝑑c =
2.3𝑘𝑇
𝐶

𝑙𝑜𝑔 𝐴
𝑘𝑇 + 2.3𝑘𝑇

𝐶
𝑙𝑜𝑔(𝑡 − 𝑡0) (7)
𝐶
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Fig. 7. 𝛥𝐻m,100 of different polyesters. The results were determined based 
on melting enthalpy (DSC)/crystallinity (NMR). The error bar is the standard 
deviation. The dashed line is to guide the eyes. This linear relationship was 
proposed by other researchers with only available PPDL and PCL data [75]. 
𝛥𝐻m,100 of PLLA is reproduced from Ref. [46]. 𝛥𝐻m,100 of PCL is reproduced 
from Ref. [12]. To facilitate the assignment of data points to the different 
samples, the sample names are indicated at the corresponding positions on 
the x-axis.

where 𝑡0 is the starting time. The energy barrier 𝐶 is plotted vs. 1/N cc
in Fig.  6(b). It increases systematically with 1/N cc, i.e. crystal thick-
ening becomes slower, with decreasing distance between two adjacent 
ester groups and an increasing number of ester layers in the crystal. 
We attribute these effects to slower ICD, which becomes indirectly 
measurable in this way. Literature observations suggest that once this 
layered structure is disrupted, the polymers switch to the crystal-mobile 
class [18].

Based on these results, we recognize that the previous nomen-
clature for crystal-fixed polymer [20] is too simplistic. There is a 
clear need to refine and expand the classification of the crystal-fixed 
polymers. We propose the term ‘‘crystal-sluggish polymers’’ to describe 
the polymers that exhibit rather slow ICD while exhibiting crystal-
fixed semicrystalline morphology. This term distinguishes them from 
strictly ‘‘crystal-fixed’’ polymers, which have no ICD. In the following 
text, we refer to all our polyesters showing the crystal-fixed semicrys-
talline morphology and non-detectable ICD by NMR measurements as 
crystal-sluggish polymers. Our results also provides a guideline for the 
molecular design of aliphatic polyesters with tailored ICD timescales. 
PLLA and P3HB are outliers in this comparison (Fig.  6(b)) because 
of their significantly different monomer structure (side group), chain 
conformation and unit cell [40,60], as well as no apparent presence of 
a layered structure [19]. We believe that this last fact is the reason, why 
they display faster ICD and therefore belong the class of crystal-mobile 
polymers.

3.4. Enthalpy of melting

Pepels et al. [75] introduced the hypothesis that the enthalpy of 
melting (𝛥𝐻m,100) decreases linearly with increasing ester content 
(proportional to 1/N cc for the selected polyesters without side chain), 
based on two aliphatic polyesters (PCL and PPDL). We aim to examine 
its generality by using our samples with systematically varied ester 
content in a broad range and a more reliable experimental method 
for determining crystallinity, which results in reliable 𝛥𝐻m,100. Fig. 
7 shows the 𝛥𝐻m,100 versus 1/N cc. Here, 𝛥𝐻m,100 was calculated 
by dividing the melting enthalpies (measured by DSC) by the mass 
crystallinity (determined by NMR measurements), as listed in Table S1. 
Indeed, from PPDL to P4HB, with increasing 1/N cc, 𝛥𝐻m,100 decreases 
linearly. With further increasing 1/N cc, P3HB, PLLA and PGA deviate 
from the linear trend and show higher 𝛥𝐻 . Combining our results 
m,100

7 
Fig. 8. Shear modulus (𝐺’) of different polymers versus crystallinity (𝑋c) 
at the temperatures above T g and below Tm. The black solid data points 
represent 𝐺′ of the crystal-sluggish polymers measured at the corresponding 
isothermal crystallization temperatures as illustrated in Fig.  4. The black 
hollow data points show 𝐺′ of the crystal-sluggish polymers measured during 
the subsequent cooling and heating steps (Fig.  4 and S21). 𝐺′ of the crystal-
mobile polymers is shown in blue, which were measured at crystallization 
temperatures. Their crystallinities were also measured at the crystallization 
temperatures by SAXS measurement. All measurements were carried out at a 
frequency of 10 rad s−1 and a strain of 0.1%. The solid line is as a guide to 
the eye. PCL data are reproduced from Ref. [81]. The data of polybutylene 
succinate (PBS) are reproduced from Ref. [13]. 𝐺′ of P3HB was calculated 
from the dynamic Young’s modulus (𝐸 = 3𝐺), measured at 140 ◦C, at a strain of 
0.1% and a frequency of 1.59Hz (tensile mode). The sample was isothermally 
crystallized at 140 ◦C for 40min.

with those of Pepels et al. [75], which was based on rather low ester 
content (lower than PPDL), we confirm that the linear dependence of 
𝛥𝐻m,100 on ester content (1/N cc) holds over an even broader range 
(from PPDL to P4HB) for aliphatic polyesters with all-trans chain 
conformation. The introduction of ester group into the crystals results 
in the energy penalty of the enthalpy of melting [75,79]. Here, we do 
not compare directly the results with Ref. [75], as Pepels et al. adopted 
few data points (only 𝛥𝐻m,100 from PCL and PPDL), based on different 
experimental methods for the determination of crystallinity, the slope 
of linear trend of 𝛥𝐻m,100 from their results is not comparable with 
ours. The observed deviation in P3HB, PLLA and PGA can be attributed 
to a few factors: their significantly different crystal unit cells (PLLA and 
P3HB) [40,60] and the presence of hydrogen bonding in PGA [65,80].

3.5. Shear modulus of the selected polyesters above T g

Based on our extended knowledge of intracrystalline chain diffusion 
(ICD) and semicrystalline morphology of the selected polyesters, we 
aim to investigate shear modulus of the selected polyesters, which is 
highly related to ICD and semicrystalline morphology (𝑋c) [11,22] and 
crucial for practical applications [82–84].

The storage shear modulus (𝐺’) of all the selected aliphatic polyesters
vs. 𝑋c, is shown in Fig.  8. For the crystal-sluggish or crystal-fixed 
polymers, insertion crystallization [12,13] occurs during cooling and 
the additional crystals melt during heating. This phenomenon is quali-
tatively observed by SAXS and WAXS (Figure S14 and S15). Therefore, 
it is possible to measure their 𝐺’ over a broad range of crystallinity. 
𝑋c of the crystal-sluggish polymers was quantitatively obtained using 
in-situ 1H NMR-FID measurement conducted at different temperatures 
(Figs.  4). The solid data points represent measurement conducted at 
the corresponding isothermal crystallization temperatures, while the 
hollow data points correspond to subsequent heating and cooling 
steps. 𝐺’ of the crystal-sluggish polymers, subjected to the same ther-
mal history as during the NMR measurement, was measured by the 
rheometer at the frequency of 10 rad s−1 and the strain amplitude of 
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0.1% (Figure S21). 𝑋c and 𝐺’ of the crystal-mobile polymers were 
obtained using SAXS measurements and the rheometer at the same 
temperatures. On a logarithmic scale, 𝐺′ of all crystal-sluggish polymers 
(black data points) shows a linear dependence on 𝑋c, indicating an 
exponential relationship (𝐺′ ∼ 𝑒𝐴𝑋c ). In contrast, the 𝐺′ values of 
crystal-mobile polymers (blue data points) do not follow this ex-
ponential trend and are systematically lower than the extrapolated 
dependence. We rely on NMR-derived crystallinity values for all crystal-
sluggish polymers because our SAXS analysis is not applicable for the 
insertion crystallization during the heating and cooling steps used in 
those measurements.

The exponential dependence of 𝐺’ of the crystal-sluggish polymers 
on 𝑋c indicates that 𝑋c is the dominant factor governing the modulus. 
As we cannot provide a derivation for the exponential dependence, we 
report it here as a mere observation. Nevertheless, this dependence has 
also been reported by other researchers for the case of polyethylene 
(PE) [22]. However, in the case of PE, it is difficult to decouple the 
contributions of 𝑋c and 𝑑c to the modulus, since its 𝑋c is typically 
proportional to 𝑑c. With the semicrystalline morphology information 
from the crystal-sluggish polymers (Figure S22), on the other hand 
we find no clear dependence of 𝐺′ on 𝑑c. This allows us to exclude 
𝑑c as a major factor affecting modulus in these systems, despite its 
consideration as a key parameter by other researchers [85,86].

Furthermore, the deviation observed in crystal-mobile polymers 
is attributed to the measurement frequency of 10 rad s−1, which falls 
within the timescale of the 𝛼𝑐 -relaxation associated with ICD [10,17,
20]. As a result, the relaxation process reduces the measured value of 
𝐺′, in agreement with the observations reported in the literature [10,
22].

4. Conclusion

In conclusion, the selected aliphatic polyesters exhibit semicrys-
talline morphologies that are in agreement with our prediction based 
on our previous studies [12], regarding the relation between timescales 
of intracrystalline chain diffusion (⟨𝜏c⟩) and layer crystallization (𝜏 lc).

Our SAXS-based approach enables the quantitative analysis of crys-
tal thickening and the comparison of ICD timescale by comparison of 
the 𝐶-value (energy barrier per unit length), for crystal-sluggish poly-
mers, which is not possible via NMR. From HDPE to PPDL, ICD slows 
down due to the formation of the layered structure of the ester groups 
in the crystals. When the concentration of the ester layers per unit 
length (𝑑c) increases, i.e. with decreasing N cc (from PPDL to PGA), the 
timescale of ICD slows down. Based on our observations, we propose 
that the established distinction between crystal-fixed and crystal-mobile 
polymers [5] should be further refined and expanded. Polymers with 
ICD that is too slow to significantly affect crystallization and therefore 
exhibit a crystal-fixed morphology but show crystal thickening during 
secondary crystallization, we suggest to call crystal-sluggish polymers. 
The term crystal-fixed then remains for the limit of infinitely slow or 
non-existing ICD. PGA or PBS [13] come close to this limit.

Furthermore, the enthalpy of melting (𝛥𝐻m,100) of the polyesters 
decreases linearly with increasing ester content (1/N cc), from PPDL to 
P4HB, due to the incorporation of ester groups in the polymer crystals.

Lastly, we reveal an exponential dependence of shear modulus (𝐺’) 
of polymers on crystallinity (𝑋c) measured at a frequency, 𝜔 ≫ 1∕⟨𝜏c⟩, 
in the temperature range between T g and Tm. By comparing 𝐺′ values 
of polymers with different 𝑑c, we exclude 𝑑c as a dominant factor 
influencing modulus in crystal-sluggish polymers.

This study provides an advance in fundamental understanding from 
chemical structure (N cc, side chain), morphological features to linear 
mechanical properties in the hope of supporting further development of 
aliphatic polyesters, which are a promising candidate for replacement 
of commodity plastics. However, these materials still face limitations in 
mechanical performance, particularly in non-linear regimes. We hope 
this work lays the ground for further investigations of the influence of 
ICD on nonlinear mechanical properties.
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