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Characterization of ICD in

Polyoxymethylene

Full NMR results

Table 1 shows the activation energies Ea and τ0
of all samples in dependence of crystallization
temperatures Tc. To give an impression on the
variations of the correlation time 〈τc〉 between
different samples, 〈τc〉 is given at a fixed tem-
perature T = 155 ◦C in the range of interest.
The value of 〈τc〉(Tc) is displayed in Figure 3
and was used for the calculation of τstem.

Additionally, an injection molded sample pur-
chased from Goodfellow, POM207 was investi-
gated as recieved. As for the other POM sam-
ples, the molecular weight of POM207 was de-
termined using poly(methylmethacrylate) cali-
bration and HFIP/ 0.05 M KTFAC as solvent:
MW=207 kg/mol, Mn=61.6 kg/mol. This sam-
ple was used for the complementary rheological
experiments.

Contribution from spin diffusion

To illustrate the negligible contribution from
spin diffusion, Figure 1 shows an extended ver-
sion of the Arrhenius plot shown in Figure
1(C) of the paper. It includes τc values mea-

sured at much lower temperatures, where they
illustrate an approach towards a temperature-
independent plateau value attributable to spin
diffusion. The low-temperature values are more
than one order of magnitude larger than the
longest τc of interest, and they extrapolate to
a plateau contribution even two decades above
the range of interest.
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Figure 1: Extended version of the Arrhenius
plot shown in Figure 1(C) including τc values
measured at much lower temperatures.
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Table 1: Activation parameters and correlation times of ICD of all POM samples. POM130 and
POM212 were isothermally crystallized. POM207 was investigated as received.

Sample Ea τ0 〈τc〉 (T = 155 ◦C) 〈τc〉 (Tc)
[kJ/mol] [s] [ms] [ms]

POM130
Tc = 155◦C 117± 4 3.88 · 10−18 0.81 0.81
Tc = 160◦C 126± 16 2.34 · 10−19 0.52 0.35
Tc = 165◦C 107± 6 1.14 · 10−16 1.31 0.66
Tc = 168◦C 103± 3 4.43 · 10−16 1.74 0.74

average 113 1.40 · 10−16 - -
POM212
Tc = 155◦C 115± 7 1.27 · 10−17 1.32 1.32
Tc = 160◦C 129± 6 1.09 · 10−19 0.61 0.40
Tc = 165◦C 127± 5 1.50 · 10−19 0.47 0.21
Tc = 168◦C 95± 10 6.43 · 10−15 2.48 1.13

average 117 1.61 · 10−15 - -
POM207 93 8.41 · 10−15 1.86 -

Complementary rheological mea-
surements

As many of the early investigations of the αc-
relaxation in POM were performed by dynamic
mechanical analysis and as the reported values
for the activation energy vary considerably, we
decided to perfom some complementary rhe-
ological measurements in order to check the
consistency of our NMR results with mechan-
ical measurements. Since the preparation of
samples suitable for rheology by compression
moulding was difficult, we chose a commercially
available injection moulded plate, POM207,
where the sample was cut out, for these studies.
A rheometer ARES-G2 from TA Instruments in
torsion geometry was used, sample dimensions
were 30 mm x 10 mm x 1 mm. The experiments
covered a range of ω = 0.1 rad/s to ω = 50 rad/s
with a fixed strain of 0.1 % to ensure a linear
deformation.

Figure 2(A) shows a temperature sweep of
the loss modulus G′′ measured with a frequency
of 0.1Hz. Two relaxation peaks are visible.
In the shown temperature range three relax-
ation peaks are known, often termed as α-,
β- and γ-relaxation, where the amplitude of
the β-process is very low1. We can therefore
attribute the low temperature peak in Figure

2(A) to the γ-process and the high tempera-
ture peak to the α-process. A β-process is not
clearly detectable. The α-peak is generally as-
signed to the intracrystalline chain dynamics.
Frequency sweeps across this peak measured
at different temperatures allow the construc-
tion of a mastercurve and the determination
of the activation energy from the shift factors.
As the direct determination of the shift factor
from the mechanical data was ambiguous, we
used a shift factor aT based on an Arrhenius
relation with the NMR value for the activa-
tion energy (Ea = 93 kJ/mol). The master-
curve constructed in this way is shown in the
upper part of Figure 2(B) and indicates that
additional vertical shifting is necessary. The
lower part of Figure 2(B) shows that a well-
behaved mastercurve can be constructed by a
manually adjusted additional vertical shift fac-
tor bT . The vertical deviations are most likely a
consequence of structural changes occuring dur-
ing heating like e.g. surface melting or even par-
tial melting of thinner lamellae. Nevertheless,
the results show the consistency of mechanical
measurements with NMR results and show at
the same time, that NMR allows a much more
reliable and precise determination of the acti-
vation energy and of the relaxation frequencies.
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Figure 2: Rheological measurements for an injection molded plate of POM207: (A) Temperature
sweep of the loss modulus G′′ for an angular frequency ω = 0.1Hz (B) Mastercurve of storage
modulus G′ and loss modulus G′′ constructed from frequency sweeps measured at different temper-
atures using horizontal shifting (upper plot) and horizontal and vertical shifting (lower plot). The
horizontal shift factor aT was calculated using the NMR-value Ea = 93 kJ/mol and the vertical shift
factor bT was determined manually. The reference temperature is Tref = 40 ◦C. The measurement
series was started at the low temperature.

Calculation of the timescales

τlc, 〈τc〉 and τstem

The lamellar growth velocity µ of growing
spherulites of PCL, POM and PEO, used for
the calculation of τlc following equation (2) are
given in Table 2. µ was measured by optical
microscopy during isothermal crystallization at
different Tc.
Table 3 shows the equations and the parame-
ters used for the calculation of 〈τc〉 and τstem
for PCL, POM and PEO shown in Fig. 2 of the
main paper. For POM the lamellar thickness at
the end of the primary crystallization process
was used to calculate τstem. For PEO τlc, 〈τc〉
and τstem were already published in ref. (2). dc-
values were recorded after crystallization over
night. Further changes of dc after the primary
crystallization are negligible for the presenta-
tion in Figure 2 in the main paper.
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Table 2: Crystallization velocity µ for samples of PCL, POM and PEO.

PCL66 PCL138 POM130 POM212 PEO53 PEO188

Tc µ Tc µ Tc µ Tc µ Tc µ Tc µ
[°C ] [µm/s] [°C] [µm/s] [°C] [µm/s] [°C] [µm/s] [°C] [µm/s ] [°C] [µm/s]

34 0.363 34 0.247 156 6.287 156 3.307 44 13.897 45 18.969
36 0.288 36 0.179 158 2.799 158 1.572 46 12.075 46 14.378
38 0.199 38 0.120 160 1.493 160 0.684 48 8.881 47 12.692
40 0.129 40 0.084 162 0.894 162 0.210 50 6.117 48 10.496
42 0.078 42 0.044 164 0.316 164 0.059 52 4.324 49 8.575
44 0.049 44 0.024 166 0.101 165 0.032 54 1.337 50 6.548
46 0.033 46 0.013 168 0.013 166 0.020 56 0.776 51 5.119
48 0.014 48 0.005 168 0.005 58 0.176 52 0.176
50 0.009 50 0.002 60 0.020 53 0.020

54 1.991
55 1.403
56 0.939
57 0.586
58 0.348
59 0.189
60 0.037

Table 3: Overview of equations and parameters used for the calculation of the timescales 〈τc〉 and
τstem for PCL, POM and PEO

PCL POM PEO

eq. 〈τc〉
no hints
for intra-
crystalline

chain
dynamics
by NMR;
excluded
up to 1s;

source: ref. (3)

〈τc〉 = τ0 · exp Ea

k·T 〈τc〉 = τ0 ·
(

dc
4.6nm

+ 0.77
)

exp Ea

RT

Ea and τ0
Tc- and Mw- dependent;

Table 1
Ea = 64.5kJ/mol, τ0 = 8 · 10−18s

source: ref. (4)

eq. τstem τstem ≈ 〈τc〉 · dc2/∆zc2

∆z[nm]
c/9 = 0.192
(95 helix)

c/7 = 0.279
(72 helix)

dc[nm] (Tc[°C])

POM130 POM212 PEO53 PEO188
10.86(155) 10.75(155) 21.12(45) 20.71(47.5)
11.34(160) 22.04(50) 27.35(52.5)
13.35(165) 25.19(55) 37.84(57.5)
17.04(168) 14.28(168) 38.23(60) 61.19(61.5)
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Structural analysis by SAXS:

method and exemplary data

All structural data shown in the main paper
(Porod parameter P , amorphous/crystalline
thickness da/c with corresponding thickness dis-
tribution σa/c and long period L = da+dc) were
determined by a quantitative analysis of SAXS
data as exemplary shown in Figure 3. The anal-
ysis method is described in detail in refs. (2, 5).
Here, a brief account of the approach and im-
portant steps are given.

The small angle X-ray scattering signal of
a semicrystalline polymer is related to the
semicrystalline morphology.6 Structure param-
eters like dc and da can be determined directly
from the interface distribution function (IDF),
which can be calculated from the scattering sig-
nal by a cosine transform. For a one dimen-
sional two-phase structure the SAXS intensity
I(s) of an isotropic sample is related to the IDF
K ′′(z) by7

K ′′(z) =

16π3
∞∫
0

[
lim
s→∞

I(s)s4 − I(s)s4
]

cos(2πsz)ds.
(1)

Here s = (2 sin Θ)/λ is the scattering vector.
lim
s→∞

I(s)s−4 = P is the so-called Porod con-

stant.8

To calculate the IDF from real measured data
affected by noise, the following procedure has
been developed.9 In a first step P is determined
from the intensity curves using a fitting func-
tion of I(s) = Ps−4 + c1s

2 + c2 for the range of
large s as shown in the first column of Figure
3. Additionally to the Porod behavior (Ps−4) a
contribution by the amorphous halo (c1s

2) and
a constant background caused by thermal den-
sity fluctuations of the amorphous phase have
to be taken into account and subtracted. For
the fit we take the condition [K ′′(z = 0) = 0] as
an additional constraint.10 With the value of P
known, the IDF K ′′(z) can be calculated from
the measured data according to eq. 1, and dc,
da and L can be read off from the peak positions
(compare to Fig. 3, column 3).

To obtain more complete structural informa-

tion, we here used a recently introduced re-
fined method of analysis based on quantitative
modeling of the interface distribution function
(IDF) by a series of distance distributions, rep-
resenting the semicrystalline structure of the
sample.

K ′′model(z) =

Os∆ρ
2

2
(ha(z) + hc(z)− 2hac(z) + haca(z) + ...)

(2)

Here ha/c(z) are distributions of the amorphous
and crystalline layer thickness, da and dc. hac(z)
is the thickness distribution of the long period
L = da + dc, and so on. To model the IDF
K ′′(z)), we assume ha/c(z) to be Gaussian dis-
tribution functions.

ha/c(z) =
1√

2πσa/c
exp−

(z − da/c)2

2σ2a/c
(3)

Higher order distributions hac. . . (z) are con-
volutions of ha(z) and hc(z). Os is the spe-
cific inner surface, ∆ρ denotes the electron den-
sity difference between crystalline and amor-
phous phases. Taking the reverse transform
of eq. 1 an analytical model function for the
integrand of eq. 1 can be calculated from a
given K ′′(z). The second column of Figure 3
shows exemplary data sets of the calculated in-
tegrand 16π3(P − I(s)s4)G together with the
fitted model functions. To suppress the influ-
ence of noise at high scattering vectors, the data
as well as the corresponding fit function were
multiplied with a smoothing function G(s) =
exp (−4π2s2σ2). σ was kept constant and cho-
sen as small as possible (PCL: 1.0 nm; POM:
0.8 nm; PEO: 1.4 nm). The corresponding IDFs
K ′′(z) calculated from the data as well as cal-
culated from the fits are shown in the third col-
umn of Figure 3. With the described analysis
we obtain in addition to the mean values of da
and dc the corresponding distributions widths
σa/c. Furthermore, the method also works for
cases like the data shown for PCL, for which the
distributions dc and da overlap, which makes it
difficult to directly read off the corresponding
values from K ′′(z) without decomposition into
the individual components.
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Figure 3: Quantitative analysis of SAXS data exemplarily shown for PCL138, POM130, POM212
and PEO180 after isothermal crystallization with a supercooling of about 5 K. The measurements
are taken at the end of the primary crystallization process. The first column shows the measured
scattering curve and the corresponding Porod fit, following the Porod behavior (Ps−4) and including
intensity contributions by amorphous halo (c1s

2) and a constant contribution from thermal density
fluctuations within the amorphous phase (c2) The second column shows the function 16π3(P−Is4)G
as calculated from column one. The fit is based on a model surface distribution function K ′′,
described by a series of gaussian functions hx, containing the characteristic structure parameters
(da, σa, dc, σc). The third column shows the resulting K ′′ as calculated from the data and from the
fit of column two. The knowlegde of the da, σa, dc, σc allows the decomposition of the IDF into the
individual contributions as shown.
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