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NMR determination of crystallinity for poly(3-L-lysine)
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Abstract

Crystallinity of poly(3-L-lysine) (3-PL) was discussed by analyzing the differences in the 1H spinespin relaxation times (T2
H), the 13C spin-

lattice relaxation times (T1
C), and the 13C NMR signal shapes between the crystalline and the non-crystalline phases. The observed 1H relaxation

curve (free induction decay followed by solid-echo method) showed the sum of Gaussian and exponential decays. Similarly, the observed 13C
relaxation curves obtained from the Torchia method were double-exponential. The 13C NMR spectrum of 3-PL was divided into the narrow and
the broad lines by utilizing the intrinsic differences in the 1H spin-lattice relaxation times in the rotating-frame between them, which are attrib-
uted to the crystalline and the non-crystalline phases, respectively. Even though the crystallinity is obtained from the identical NMR measure-
ments, the estimated values are different with each other. The crystallinity estimated from the T2

H differences was 75.8� 0.1% at 333 K and
60.7� 0.4% at 353 K. From the T1

C differences, the value was estimated to be 62� 11%. Furthermore, the value estimated from the NMR signal
separation was 54� 5%. In this study we have explained these discrepancies by the difference in susceptibility among the experiments for the
inter-phase, which exists in-between the crystalline and the amorphous phases. Furthermore, the estimated crystallinity was ascertained by the
X-ray diffraction experiment.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Crystallinity is one of important physical and chemical
properties for polymers. Actually, the crystalline phase struc-
ture or morphology may be more important and affect on
the physical property of polymers; the same crystallinity but
different morphology will cause a different physical or chem-
ical property. However, the degree of crystallinity becomes an
easy index, for example, for checking how the different poly-
merization process from the same raw materials affects the
property of polymers, especially for industrial chemical pur-
poses. Therefore, it is significant to know the accurate value
of the crystallinity easily.

The crystallinity is defined as the volume or the weight frac-
tions; we usually adopt the weight fraction as the crystallinity.
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There are a lot of methods to obtain the degree of crystallinity
such as differential scanning calorimetry (DSC), X-ray diffrac-
tion, Raman and infrared (IR) spectroscopies, nuclear magnetic
resonance (NMR), and so on [1,2]. However, it is well known
that different methods provide the different crystallinity. This is
ascribed to the difference in the susceptibility of an inter-phase
among the observation methods, and also that the inter-phase is
not clearly discriminated from both crystalline and amorphous
phases by any observations: the determination of the border
between the inter-phase and the crystalline or amorphous phases
is not easy. Therefore, it is difficult to know the intrinsic degree
of crystallinity.

Recently, it has been recognized that the observation of the
solid-state 13C NMR is very useful to determine the crystalline
phase or the hard segment of polymers instead of the 1H wide-
line NMR, because the linewidth, the chemical shift value, and
the 13C spin-lattice relaxation time in the laboratory frame
(T1

C) of the solid-state 13C NMR signal sensitively reflect the
difference between the crystalline and the amorphous phases
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[3,4]. In general, 13C NMR signal of a semi-crystalline poly-
mer is consisted with narrow and broad components. The
narrower signal is attributable to the crystalline phase, which
polymer chains have higher order and lower mobility than
that of the amorphous phase. The broader signal is ascribed
to the non-crystalline phase mainly consisted with amorphous
region, which polymer chains have lower order and higher
mobility than that of the crystalline phase [3e5]. Furthermore,
in many cases, the chemical shift values of both phases are
different from each other because of the difference in both
conformations: a solid-state 13C NMR spectrum detects such a
difference.

In the 1H wideline NMR, we indirectly assume that the
mobility of the crystalline phase is low, but that of the amor-
phous phase is high [2]. Nowadays, pulse 1H NMR is often
used to detect the crystallinity or hard segment of polymers
by measuring the free induction decay (FID). The time con-
stant of FID is governed by 1H spinespin relaxation time
(T2

H), which reflects the mobility straightforwardly. Therefore,
the fraction of hard segment or the crystallinity can be esti-
mated by fitting the FID with sum of several exponential,
Gaussian, or Weibullian functions: the Weibullian function is
explained by exp(e(t/T2)W), W is the Weible coefficient.

Similarly, the 13C spin-lattice relaxation is useful to esti-
mate the crystallinity, because the T1

C value of the crystalline
phase usually quite differs from that of the non-crystalline
phase. The T1

C value of the crystalline phase is, in general,
much longer than that of the non-crystalline phase in solid
polymers. Thus, the fraction of the long T1

C component pro-
vides the degree of crystallinity.

However, since the T1
C and T2

H values are mainly governed
by the mobility of polymer chains, the values largely depend
on the observed temperature, and then the fraction is altered.
Furthermore, if the inter-phase has the similar T1

C value to
that of the crystalline phase, we will be not able to distinguish
the T1

C value of the inter-phase from the T1
C decay curve: here,

we refer a thick interface layer which locates in-between the
immobile crystalline and the mobile amorphous regions to
an inter-phase. Especially, for the semi-crystalline polymers
having the glass transition much higher than a room tempera-
ture, the molecular motion of inter-phase is very slow at
a room temperature. Furthermore, in general, such a semi-
crystalline polymer has a melting point much higher than
400 K, so that the molecular motions of crystalline and inter-
phases will be similar with each other.

On the other hand, signal separation based on the intrinsic
1H spin-lattice relaxation time in the rotating-frame (T1r

H ) into
the narrow and the broad components also enables us to esti-
mate the fraction of the crystalline phase [4,6]. These sepa-
rated signals depend on the chain order not on the mobility.
Therefore, it is possible very frequently that the crystallinity
obtained from the 13C relaxation curve and/or the 1H FID sig-
nal analyses does not coincide with that estimated from the
signal separation, even though the estimation is performed
by the same solid-state 13C NMR observations: this is because
the origins of the obtained parameters are different between
the relaxation and the spectral separation experiments. In
general, the different methods give the different results for
the degree of crystallinity as above mentioned. Therefore,
one naively wants to estimate the identical value for the degree
of crystallinity from NMR even though using the different
parameters, such as signal separation and relaxation. However,
for NMR observation, it is not exception that the different
parameters provide the different crystallinity.

In this study, we clarify that the discrepancy is ascribed to
the difference in sensitivity for detection of the inter-phase
mobility, especially for a semi-crystalline polymer having a
high crystallinity, a high glass transition temperature, and a
high melting point. Semi-crystalline poly(3-L-lysine) (3-PL)
is adequate to make a trial for detecting crystallinity, because
3-PL has high crystallinity, glass transition temperature, and
melting point [7]. Furthermore, in order to ascertain the
crystallinity obtained from NMR, we employed the X-ray
diffraction (XRD) experiment and then compared the ob-
tained values. Since XRD provides the crystallinity from the
chain order not from mobility, the obtained value from XRD
will be close to the value estimated from 13C NMR signal
separation.

2. Experimental

Poly(3-L-lysine) (3-PL: the unit structure is e[NHCH2CH2

CH2CH2CH(NH2)CO]ne) is provided from Chisso Corpora-
tion, and the averaged degree of polymerization, n, is approxi-
mately 30. 3-PL is known as a semi-crystalline biodegradable
hydrophilic polymer and nontoxic toward humans and envi-
ronment [7]. 3-PL was first dissolved in methanol and its
solvent cast sample was used for NMR experiments. The glass
transition temperature and the melting point of 3-PL were
measured by DSC with temperature increasing ratio of
2 K min�1, and obtained at ca. 323 K and ca. 445 K,
respectively.

For the X-ray diffraction (XRD) experiments, we prepared
the mainly non-crystalline 3-PL sample. A 3-PL sealed in a
glass tube with nitrogen atmosphere was heat-treated at
458 K for 20 min: the crystalline phase is completely melted.
After the heat treatment, the glass tube is immediately im-
mersed in liquid nitrogen to quench and keep the amorphous
phase.

The solid-state 13C NMR spectra are measured by the com-
bined use of cross polarization (CP) and magic-angle spinning
(MAS) with 1H high-power dipolar-decoupling (CPMAS)
techniques using Bruker DMX 500 spectrometer operating
at 125.76 MHz for 13C and 500.13 MHz for 1H. The radio-
frequency field strengths for both 13C and 1H were 55.6 kHz.
The 1H decoupling frequency was chosen to be 3 ppm
down-field from tetramethylsilane (TMS) and the TPPM de-
coupling method [8] was used. The MAS frequency was set
to 10 kHz and 13C chemical shifts were measured relative to
TMS using the methine carbon signal at 29.47 ppm for solid
adamantane as an external standard. T1

C decay was indirectly
measured from protons through the CP enhancement as
proposed by Torchia [9].
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The 1H spinespin (transverse) relaxation time (T2
H) was

measured by the solid-echo method (p/2e12 msep/2e
12 ms) using a JEOL MU25 pulse NMR spectrometer operat-
ing at 25 MHz for 1H. We did not employ the 500 MHz instru-
ment to detect 1H signal, because of a problem of background
of our probe for the high-resolution solid-state NMR. We
never use a background suppression pulse sequence, because
we worried about the signal loss, in particular, the signal
come from the small amount of the inter-phase. The pulsed
1H NMR is often used to detect the mobility of polymers.

XRD (X-ray diffraction) patterns were collected by using
MAC Science M21X diffractometer with Cu Ka radiation of
l¼ 0.154 nm at 293 K.

3. Results and discussion

In order to detect a hard segment of polymers, 1H NMR
signals are frequently utilized, because the 1H spinespin
(transverse) relaxation decay (T2

H) for the hard segment is
always faster than that of a soft segment, so that the signal
attributed to the hard segment can be easily distinguished
from the soft segment [10e12].

Fig. 1 shows the observed T2
H decay curves at 0.585 T (1H

frequency is 25 MHz). These decays were obtained from the
solid-echo pulse sequence at 353 K (a) and 333 K (b), respec-
tively. These decays were very similar to that obtained from
a single pulse method, except for the disappearance of the sig-
nal during the dead time of 10 ms after the pulse. Of course,
the T2

H is very convenient to investigate the amount of the crys-
talline phase or the hard segment. However, T2

H values also
depend on the difference in the mobility among the crystalline
phase, inter-phase, and the amorphous phase, respectively,
similar to the T1

C measurement. The inter-phase, that we refer
here, can be substituted for an immobile amorphous domain as
named the rigid amorphous phase [13]. The inter-phase or
rigid amorphous phase is actually close to the rigid and immo-
bile crystalline phase, so that the mobility is more constrained
than the amorphous phase as usual. The amorphous phase is,
hereafter, attributed to a mobile phase rather than the inter-
phase or the rigid amorphous phase.

The T2
H decay observed at 353 K has apparently three relax-

ation times; one is Gaussian and the remains are exponential
decays. We did not observe the Weibullian decay. On the con-
trary, the T2

H decay at 333 K did not show such a decay curve
consisting three components. The sum of one Gaussian and
one exponential decays was appeared at 333 K. At room tem-
perature, we could not observed the FID signals (not shown).
Since both glass transition temperature and melting point of
3-PL are very high, the molecular motion of the inter-phase
at 333 K is much less mobile and the T2

H of the inter-phase be-
comes similar to that of the crystalline phase. Thus the fraction
of Gaussian component consists of both inter-phase and crys-
talline phase, and becomes ca. 76%. This value will be over
estimated.

The estimated fraction of the crystalline phase from
Fig. 1(a) is 60.7� 0.4%. The fractions of the inter-phase and
the amorphous phase are, respectively, 20.8� 0.1% and
18.5� 0.4%. It is hard to consider that the actual fraction of
the inter-phase is mostly the same as that of the amorphous
phase. Since the value of T2

H depends on the mobility, the
observation temperature influences the fractions of the inter-
phase and the amorphous phase, in particular, the mobility
of inter-phase will be obeyed by the immobile crystalline
phase because of their close proximity with each other. At
353 K, the inter-phase is partially detected as a fraction of
the crystalline phase. Similarly, the amorphous phase neigh-
bored to the inter-phase is evaluated as the fraction of the
inter-phase.

Fig. 2 shows the observed 13C CPMAS NMR spectrum of
3-PL obtained from methanol solvent cast method with the
spin-locking periods of 1 ms (a) and 5 ms (b) prior to the CP
contact time of 800 ms. The spectrum of Fig. 2(a) is absolutely
the same as obtained from the conventional 13C CPMAS NMR
experiment, because the 1H polarization does not mostly decay
at such a short spin-locking time. Obviously, each signal con-
tains both narrow and broad lines (see also Fig. 3). Recently,
Maeda et al. have characterized the 3-PL by solid-state 13C
and 15N CPMAS NMR, FT-IR, and Raman spectroscopy
[14,15]. The present 13C NMR spectrum in Fig. 2(a) resembles
that of the observed one by them very much. The sharp and
narrow signals are attributed to the crystalline phase, and the
broad ones to the amorphous phase. Furthermore, the doublet

Fig. 1. Observed and normalized free induction decay by the solid-echo pulse

sequence with the period of 12 ms between two p/2 pulses at 353 K (a) and

333 K (b). The horizontal line shows the echo time. The decay is least-square

fitted by a Gaussianeexponentialeexponential curve with the individual

relaxation time as follows:

MðtÞ
�

Mð0Þ ¼ p1 � exp
�
� 0:5� ðt=T2CRÞ2

�
þ p2 � expð � t=T2IntÞ

þ ð1� p1 � p2Þ � expð � t=T2AmorÞ

where the parameters of p1 and p2 represent the mole fractions of the crystal-

line phase and the inter-phase, respectively. For the decay shown in (b), the

parameter p2 is fixed to zero. The best-fit curves are depicted by a solid line

and parameters are p1¼ 0.607� 0.004, p2¼ 0.208� 0.010, T2CR¼ 8.52�
0.03 ms, T2Int¼ 48� 3 ms, T2Amor¼ 177� 8 ms for (a). The values for (b)

are p1¼ 0.758� 0.002, T2CR¼ 8.29� 0.02 ms, T2Amor¼ 63.5� 0.6 ms. The

symbols, CR, Int, and Amor in the above formula represent the crystalline

phase, the inter-phase, and the amorphous phase, respectively.
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peaks appeared at carbonyl (C]O), CH2(3), and CH2(d) car-
bon signals perhaps indicate that the existence of two different
crystalline phases [14].

Fig. 2(b), which is 13C CPMAS NMR spectrum measured
with the spin-locking time of 5 ms prior to the 800 ms CP
contact time, shows that the intensity contribution from the
narrow peaks is much greater than that in Fig. 2(a), and
whole intensity also becomes weaker. The observed and ap-
parent T1r

H values for the narrow peak of the CaH carbon,
which is attributed to the crystalline phase, was 24� 9 ms
and for the broad peak 9.2� 0.9 ms. Hence, 1H polarization
decays much faster in the broad signals than in the narrow sig-
nals during the long spin-locking time of 5 ms. For a method of
the signal separation into the crystalline or non-crystalline
phases, it is necessary to make an intensity contrast between
the crystalline and the non-crystalline phases as comparing to
the spectrum in Fig. 2(a). The spin-locking time period of 5 ms
was adequate to detect the intensities of both crystalline and
non-crystalline phases.

The differences in the observed T1r
H value between the

narrow and the broad signals are mostly due to the different
molecular motion between them. However, the long T1r

H value
is affected severely by the 1H spin diffusion from the amor-
phous region; in solid, the 1H spin-lattice relaxation is dis-
torted by the 1H spin diffusion phenomenon. Hence the
relative ratio of the long T1r

H component does not provide
the real and accurate contents of polymer chains with the

Fig. 2. Observed 13C CPMAS NMR spectra of 3-PL with the spin-locking

periods of 1 ms (a) and 5 ms (b). The peak assignments are also depicted in

the figure. The symbol of ssb represents the artificial peak, spinning-side

band at MAS of 10 kHz. The CP contact time of 800 ms is used.
slow molecular motion and then the degree of crystallinity.
In contrast, T1

C is little affected by the 1H spin diffusion and
monitors directly the difference in the molecular motion.

Fig. 4 shows the T1
C decay curve of the CaH carbon peak.

The T1
C decays were obtained by the Torchia pulse sequence

[9]. The semi-log plot clearly indicates that the T1
C decay is

the double-exponential curve as same as that previously ob-
served by Maeda et al. [14]. They estimated the crystallinity
of 3-PL by analyzing the double-exponential T1

C decay curves
observed at each resonance to be 63%. The current T1

C decay is
also least-square fitted by the conventional double-exponential
function and obtained that the fraction of the long T1

C compo-
nent is 62� 11%. The obtained value is in excellent agree-
ment with the previous one. The long component is assigned
to the polymer chain with slow molecular motion for solid
polymers. Polymer chains in the crystalline phase have
much slower molecular motion than those in the amorphous
phase. Therefore, the long component is ordinarily attributed
to the crystalline phase.

For a semi-crystalline polymer, however, the inter-phase
exists in-between the crystalline and the amorphous phases
as shown in T2

H experiment, so that the T1
C decay will show

a triple-exponential curve such as the T1
C decay observed for

polyethylene [3]. The observed T1
C decay curve is not

Fig. 3. Expanded 13C CPMAS NMR spectrum at the CaH region: (a) the same

spectrum as that shown in Fig. 2(a); (b) the separated signal into the crystalline

phase; and (c) into the non-crystalline phase.
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a triple-exponential one. This implies that the molecular mo-
tion of the inter-phase will be similar to either crystalline or
amorphous phases, and then that the obtained crystallinity
from the T1

C measurement is over estimated. In order to con-
firm this, we applied the signal separation method into the
crystalline and the non-crystalline (inter-phase and amor-
phous) phases [4,6].

Fig. 3(a) shows the expanded 13C CPMAS NMR spectra of
Fig. 2(a) for the CaH carbon region. The signal consists of
both narrow and broad peaks. The narrow peak is attributed to
the crystalline phase and the broad one to the non-crystalline
phase; non-crystalline phase includes both amorphous and
inter-phase regions. We separated the spectrum into both
narrow and broad signals by employing the differences in
the intrinsic T1r

H value that characterize the crystalline and
the amorphous regions [4,6].

Fig. 3(b) and (c) are linear combinations of the spectra of
Fig. 2(a) and (b) obtained from the different spin-locking
times where we have attempted to null the non-crystalline
and crystalline signal contributions, respectively. Spectrum
of Fig. 3(a) is completely reproduced by sum of spectra of
Fig. 3(b) and (c). It is noteworthy that both separated spectra
of Fig. 3(b) and (c) depend on the difference in chain order
only but not in molecular motion.

The chemical shift of the broad peak illustrated in Fig. 3(c)
moves toward the upper magnetic field (the lower frequency) as
compared to that of the narrow one in Fig. 3(b) by 1.4 ppm.
This is due to the difference in the conformation between the
crystalline and the non-crystalline phases. According to the
g-gauche effect on the 13C chemical shifts, this slight upper-
field shift for the broad signal of the non-crystalline phase is
reasonable because the conformation of 3-PL in the non-
crystalline phase is predicted to be gauche-rich as polyethylene
[1] and that in the crystalline phase is expected to be trans-
zigzag rich like a g-form of nylon 6 [14].

Fig. 4. The observed 13C spin-lattice relaxation curve (C) obtained from the

integral value of the CaH signal. The solid line shows the results of the least-

square fitting to the observed data points with a double-exponential function.

The obtained T1
C values are 4.4� 1.2 s and 22� 3 s for the short and long

components, respectively. The relative ratio of the long component is

0.62� 0.11. The vertical is arbitrary unit.
The integrals of both spectra in Fig. 3(b) and (c) provide the
relative contribution of the crystalline phase. Of course, the CP
experiment distorts the intensity between the crystalline and
non-crystalline phases during CP contact time. We examined
the CP dependency with various CP contact times from
25 ms to 7 ms, to obtain the relative CP efficiencies for both
crystalline and non-crystalline phases at CP contact time of
800 ms. The obtained values for the crystalline and the non-
crystalline phases are 0.789 and 0.969, respectively. By using
these efficiencies, we estimated the relative contribution of the
crystalline phase to be 0.54. Since standard uncertainty of this
estimation is 0.03e0.05 [4,6], the obtained crystallinity of
3-PL from the spectral separation based on the differences in
the intrinsic T1r

H values becomes 54� 5%.
This value is not in accord with that obtained from the T1

C

analysis. The estimated crystallinity from the T1
C analysis is

larger than that from the signal separation by approximately
10%. This discrepancy comes from the dealing with the inter-
phase, which exists in-between the crystalline and amorphous
phases. In the signal separation, the broad signal shown in
Fig. 3(c) includes the inter-phase, because the conformation of
the inter-phase is not ordered higher than that of the crystalline
phase. This implies that the crystallinity estimated from the
separation of 13C CPMAS NMR spectrum into the crystalline
and non-crystalline components reflects the real crystallinity
rather than the T1

C experiment.
Each T1

C decay curve for the narrow and the broad signals is
also obtainable. If the broad signal in Fig. 3(c) comes from
both the amorphous and the inter-phase regions, the T1

C decay
will show a non-single exponential curve. Similarly the T1

C de-
cay of the crystalline phase, that is narrow component, shows
a single-exponential. We divided each 13C spectrum observed
by the Torchia pulse sequence [9] into the narrow and the
broad components by comparing with the line shapes of
Fig. 3(b) and (c) or by a deconvolution using a few Gaussian
functions [16], and obtained each signal intensity.

It is clear that the T1
C decay curve of the crystalline phase

(narrow component) is single-exponential (Fig. 5(a)) and
that of the non-crystalline phase (broad component) is non-
single exponential (Fig. 5(b)). Sum of both decays equal to
the curve shown in Fig. 4. For the crystalline component, we
obtained the T1

C value of 25� 2 s by least-square fit to the
conventional single-exponential curve. This value is in good
agreement with the value of the long T1

C component that
estimated by a double-exponential curve illustrated in Fig. 4.
This observation indicates that the narrow signal contains
the ordered polymer chains in the crystalline phase only.

On the other hand, for the non-crystalline component, the
observed data points are difficult to be lease-square fit to a dou-
ble-exponential function as well as a single-exponential func-
tion, because of multi-exponential curvature. Fig. 5(b) shows
that the non-crystalline phase consists of several components
with various molecular motions, which affects the 13C spin-
lattice relaxation. The broken and dotted-broken lines in
Fig. 5(b) represent, respectively, the short and long T1

C decay
components obtained from the T1

C decay curve shown in
Fig. 4. If the broad component is consisted of polymer chains
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in the amorphous phase only, the T1
C decay will show a single-

exponential curve with T1
C value of 4e5 ms. Fig. 5(b) clearly

proves that the broad component includes both inter-phase
and amorphous regions.

Meanwhile, it is also important to discuss the reasonability
and accuracy of the value of crystallinity determined from
NMR. We employed the X-ray diffraction (XRD) experiment
to estimate the crystallinity for the same 3-PL sample that is
used for NMR measurements. Although the crystallinity ob-
tained from XRD may not fully correspond to that from
NMR as we mentioned above, XRD pattern reflects the chain
order not mobility so that the estimated value will be compa-
rable to that obtained from signal separation method.

It is necessary to know the characteristic XRD pattern of
the amorphous phase to estimate the crystallinity from the
XRD. In order to detect the XRD pattern of the amorphous
phase, we measured mostly the non-crystalline 3-PL sample,
which is made by rapid quench of heated 3-PL beyond its
melting point. When we measured the solid-state 13C NMR
spectrum of the quenched 3-PL, it shows weak intensity of
a typical narrow peak attributed to the crystalline phase on
the large amount of the broad signal as shown in Fig. 6.

Fig. 5. The observed 13C spin-lattice relaxation curves obtained from the inte-

grals of (a) the crystalline signal of Fig. 3(b) and (b) the non-crystalline signal

of Fig. 3(c). The solid line in (a) is least-square fit to the obtained integral data

points with a single-exponential decay. The broken and dotted-broken lines in

(b) show the short and long T1
C components estimated in Fig. 4, respectively.

The vertical is arbitrary unit.
Interestingly, the XRD pattern of the quenched 3-PL shows lit-
tle diffraction ascribed the crystalline phase. This indicates
that the XRD reflects only the large amount of crystalline do-
main but the NMR can detect clearly the tiny amount of them
even though the phase forms very small domain and micro-
crystalline structure. Actually, the XRD pattern also shows
a very small peak of the microcrystalline phase at ca. 2q¼
19�. Therefore, this sample is not completely amorphous but
may exist microcrystalline phase. It has been discussed that
the 13C solid-state NMR spectrum can be easily affected by the
microcrystalline phase and shows higher resolution and
enhancement [17].

Fig. 7 shows the XRD patterns of normal (a) and quenched
(b) 3-PL samples and its linear combination (c). The crystallinity
can be estimated by both integrals of the XRD patterns of (a) and
(c). Since the XRD patterns of (a) and (b) are obtained from the
different samples, the absolute intensity is different from each
other. In Fig. 7, the XRD pattern of (b) is attenuated by a factor.
Therefore, the estimated crystallinity has uncertainly of 5e10%
depending on the factor. The estimated value is about 58%. This
value is comparable to that obtained from the 13C NMR signal
separation experiments within an experimental error. Further-
more, the value of 58% is in-between of the estimated from
T2

H at 353 K (60.7%) and 13C NMR signal separation (54%).
This estimated value is, however, thought to be close to the upper
limit because it is necessary to be larger value of crystallinity
that the XRD pattern of (b) shown in Fig. 7 should be much
weaker. Namely, much smaller factor is required and it is neces-
sary to be more intense for the XRD pattern (c). The envelope of
the pattern (a), which is consisted of mainly non-crystalline
phase, seems to be more intense. Thus, the crystallinity esti-
mated from the subtraction of XRD patterns is possible to be
much lower value than 58%.

Furthermore, we observed the 13C DDMAS (dipolar-
decoupling MAS) NMR spectrum of 3-PL to estimate the
crystallinity. The 13C DDMAS NMR spectrum provides the
intrinsic intensity for both crystalline and non-crystalline phases,
while the 13C CPMAS spectrum is distorted by their CP effi-
ciencies. However, we cannot divide the 13C DDMAS NMR
spectrum into the contributions from crystalline and non-
crystalline regions through the 13C DDMAS experiment like
a 13C CPMAS experiment. Therefore, we used the NMR spec-
trum of crystalline phase obtained from 13C CPMAS experi-
ment shown in Fig. 3(b) to estimate the contribution from
non-crystalline phase through the 13C DDMAS NMR spec-
trum. The calculated crystallinity from the area integrals of
the whole 13C DDMAS NMR spectrum and its non-crystalline
phase contribution was 53%. This value is in excellent
agreement with that estimated from 13C CPMAS NMR experi-
ment. This fact proves that the estimation from the CP experi-
ment with the correction of the CP efficiency provides the
accurate crystallinity even though the CP distorts the signal
intensities.

Consequently, we conclude that the 13C NMR spectral
separation provides crystallinity corresponding to the chain
order as XRD experiments easily and accuracy rather than
T1

C and T2
H experiments, which depend on molecular motion.
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Fig. 6. Comparison between the 13C CPMAS NMR spectra and the XRD patterns obtained from the pristine 3-PL cast from methanol (above figures) and 3-PL

mainly consisted of non-crystalline phase (bottom figures). The 13C CPMAS NMR spectrum of the pristine 3-PL cast from methanol is the same as that shown in

Fig. 2(a). It is clear that the 13C CPMAS NMR shows the existence of crystalline phase as sharp peaks but the XRD pattern does not suggest the existence.
We summarized and illustrated the possible morphology
detected by T2

H, T1
C, and 13C NMR signal separation experi-

ments in Fig. 8.

Fig. 7. Observed X-ray diffraction patterns of (a) pristine 3-PL cast from meth-

anol, (b) 3-PL mainly consisted of non-crystalline phase, and (c) difference

pattern obtained by subtraction of attenuated (b) from (a). The difference

pattern (c) can be altered by the choice of the attenuated parameter, f, because

the intrinsic absolute intensity is different between (a) and (b). Here, we

selected the f value that the intensity at 2q¼ ca. 13� becomes to be zero. In

this case, the crystallinity can be estimated to be approximately 58% by using

the integrals of XRD patterns of (a) and (c).
4. Conclusion

The above observations suggest that the crystallinity de-
tected by the T1

C measurement is over estimated, and the
intrinsic value is close to 54% for 3-PL. Fig. 8 shows the
schematic illustration of the typical lamellar structure with
the susceptive difference among the present three detections.
The crystallinity estimated from the relaxation is largely
affected by the molecular motion and similarly by observation
temperature. On the other hand, the signal separation produces
only the spectrum ascribed from the crystalline phase, because
the chain order as well as the molecular motion influences the
13C NMR spectrum. However, the signal separation method is
not valid to detect the inter-phase, because the 13C NMR sig-
nals of both the inter-phase and the amorphous phase appear
as a broad line.

In conclusion, when the molecular motion of the inter-
phase is similar to that of the crystalline phase, namely the
T1

C value is very close to that of the crystalline phase, the
inter-phase region is not detectable from the T1

C measurement.
Especially, in the case of semi-crystalline polymers with high
crystallinity such as 3-PL, the molecular motion of the inter-
phase is strongly restricted by the stable and much amount
of the crystalline phase. Similarly, when the molecular motion
of the inter-phase is close to that of the amorphous region, the
component is not also detectable correctly by the T1

C measure-
ment and the obtained crystallinity will be less estimated.
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Therefore, to estimate the crystallinity of semi-crystalline
polymers, it is necessary to employ both methods of the signal
separation and the T1

C experiment. In particular, it is better to
execute the signal separation experiment when the observed
T1

C decay does not show a triple-exponential curve.

Fig. 8. Schematic illustration of the typical lamellar structure of a semi-

crystalline polymer. The arrows indicate the differences in susceptibility

among the signal separation, T1
C and T2

H measurements, respectively. These

arrows are expected for the 3-PL that has the high crystallinity. For detecting

the crystallinity from T2
H measurement, these three phases are probably correctly

distinguished if the measuring temperature is chosen to obtain those individu-

ally. However, we cannot know which temperature classify them correctly

and individually.
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